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ABSTRACT
A large observing program of a complete sample 
of 248 elliptical and SO galaxies has been completed.
The sample comprises all such galaxies south of declination 
-32° to a limiting magnitude (B ) of 14.0. The observations 
include accurate radial velocity measurements (~30 km/s 
error), UBV aperture photometry and radio continuum flux 
densities at 2700 MHz (11 cm) and 5000 MHz (6 cm). A 
later analysis shows the sample to be 90% complete at 
= 13.8 and 80% complete at B = 14.0.
'i T
The main results are as follows:
(1) The luminosity function for early-type galaxies 
has been derived, and corrected for density fluctuations 
due to the local supercluster. The fraction of early-type 
galaxies brighter than M = -20.0 + 5 log h (H = 100 h km/s)B O
is shown to be larger than previously realised.
(2) There is evidence that weak bursts of star 
formation have occurred in some elliptical and many SO
9galaxies during the past ~10 years. These bursts appear 
to be connected with the presence of optical emission lines 
and in some cases radio sources. The bursts seem to have 
occurred preferentially in galaxies with a narrow range in 
absolute magnitude (-20.0 to -21.0 + 5 log h).
(3) There is no evidence in the sample for the 
correlation between metallicity and axial ratio suggested 
by Terlevich et al. (1981).
(4) Galaxies with radio sources have (U-V) colours 
which are in general bluer than those predicted by the 
colour-magnitude relation (Griersmith 1979). Almost all 
the galaxies with radio sources also show weak optical 
emission lines of and [Nil], and it seems likely that 
the recent star formation history of radio and non-radio 
galaxies has been different.
(5) Earlv-type galaxies with dust lanes are significantly 
more powerful radio emitters than similar galaxies without 
dust. About 8% of early-type galaxies have such dust lanes, 
and they occur equally frequently inside and outside clusters.
(6) There is no evidence for excess radio emission 
from paired elliptical and SO galaxies, in contrast to 
the resule found for spirals by Hummel (1981b).
(7) The mass of a galaxy seems to be the single most 
imporiant factor in determining its optical and radio 
properties.
(8) A dynamical study of paired galaxies indicates 
that no more than 7% of early-type galaxies are in 
binary systems. The evidence supports an extended mass 
distribution in early-type galaxies.
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INTRODUCTION
Elliptical galaxies are in many ways the simplest 
of the large stellar systems, containing a single, fairly 
homogeneous stellar population without the large amounts of 
gas and dust and regions of star formation seen in spiral 
galaxies.
Yet these galaxies are not as simple as they 
first appear, and the idea that their properties can be 
defined simply by the integrated properties of the 
component stars is often incorrect. For example, some 
elliptical galaxies contain powerful radio sources of a 
type not seen in spiral galaxies, and neither the energy 
mechanism fuelling the source nor the way in which such 
sources form is well understood at present.
An important question in the study of the 
formation and evolution of galaxies is that of the relative 
importance of intrinsic and extrinsic effects. If intrinsic 
effects dominate, the evolution of a galaxy should be 
predictable in the same way as the evolution of a star 
(although the problem is, of course, more complicated).
In this picture, the type of galaxy (elliptical, SO, 
spiral, etc.) is determined by the dynamics (especially 
the rotational velocity) at the time of collapse, and 
star formation proceeds on a predictable timescale.
2.
On the other hand, it has been suggested recently, 
both by theoretical and observational work that extrinsic 
effects, particularly gravitational interactions with 
neighbours, play a large part in the history of many 
galaxies. If this is so, then it is possible to have 
different types of galaxies grouped together, and also to 
have similar-looking galaxies which have quite different 
properties (e.g. colour, radio emission) due to their 
different histories of interaction.
Previous studies of the effects of interactions 
between neighbouring galaxies have usually concentrated 
on "peculiar" and spectacular galaxies, although the 
peculiar features (such as tails and bridges) are 
relatively short-lived. I intend here to look first of 
all at a complete sample of "normal" E and SO galaxies 
in order to see exactly what their properties are and how 
uniform they appear to be (e.g. do most early-type 
galaxies "look the same", and how similar are they really?) 
I shall then consider the special case of isolated pairs 
of galaxies, since these are systems which might be 
presumed to be in gravitational interaction and since 
they provide (at least in theory) an independent method 
of measuring M/L for early-type galaxies.
The outline of this thesis is as follows:
Chapter 1 describes the selection of the galaxy sample,
3.
and investigates the completeness of the ESO/Uppsala 
Catalogue of the ESO(B) sky survey. The morphological 
classifications used in this catalogue are also discussed.
Chapters 2, 3 and 4 present observational 
results. Chapter 2 describes radial velocity measurements 
of the sample galaxies using cross-correlation techniques. 
The errors in the velocity measurements are derived, and 
shown to be small (~ 30 km/s). Chapter 3 presents new 
UBV aperture photometry for 169 galaxies, as well as a 
compilation of photometry by other observers of galaxies 
in the sample. Extinction-corrected colours and total 
(asymptotic) magnitudes are calculated. Chapter 4 
describes radio observations of the galaxy sample at two 
frequencies (2700 MHz and 5000 MHz). The background 
density of radio sources and the effects of confusion 
are discussed, and a radio power (or upper limit) 
calculated for each galaxy.
Chapters 5 to 8 are concerned with the development 
and interpretation of the observational results. Chapter 5 
contains a further discussion of the sample completeness 
and its space distribution. The luminosity function for 
early-type galaxies is calculated, and a short discussion 
of clustering scales within the sample is presented. Thus 
Chapter 5 aims to define the large-scale properties of the 
sample of galaxies being studied. Chapter 6 discusses the
4 .
optical properties of individual galaxies, while Chapter 7 
examines the relationship between the optical and radio 
properties of early-type galaxies, in order to determine 
what factors are associated with the triggering of a 
radio source in such a galaxy. Chapter 8 describes the 
dynamical analysis of a carefully selected sub-sample of 
paired galaxies.
5.
1. SELECTION OF THE GALAXY SAMPLE 
1.1 Survey area
The sample of galaxies used in this study was 
selected from the ESO(B) sky survey, using lists I-VII of 
the ESO/Uppsala catalogue (Holmberg et al. 1974a, 1974b,
1975, 1977, 1978a, 1978b, 1980) since only lists I-VI (plus 
list VII in preprint form) were available at the time the 
sample was compiled (mid-1978). The aim was to select a 
sample of E and SO galaxies complete to a specified 
magnitude limit in a well-defined area of the sky.
The ESO/Uppsala lists give the position (in 1950.0 
co-ordinates), major and minor axis diameters and morphological 
type of all galaxies down to a limiting diameter of 1.0 arc 
minute. Thus they comprise the most complete catalogue of 
galaxies presently available for the southern hemisphere. 
However, since the lists do not include magnitudes, and 
since no other catalogue of southern galaxies complete to 
magnitude 14-15 yet exists, it was necessary to estimate 
the magnitude of each galaxy by eye in order to select a 
magnitude-limited sample. This will be discussed further 
in the following section.
The first seven ESO/Uppsala lists cover most of 
the southern sky south of declination -32° and so -32° 
was taken as the northern limit of the sample. The ESO(B) 
fields used in selecting the galaxy sample were numbers 
1-408 inclusive, with the exception of twenty-three fields, 
mainly south of -75°, not included in lists I-VII. The
6.
excluded fields were numbers 3-9, 17, 18, 20, 28, 29, 31,
55, 291, 351, 352, 354, 363, 370, 373, 394 and 398 and 
the total area included in the survey was 9072 square 
degrees (calculated using the field areas given in Table 2 
of Holmberg et al. (1978b)). Figure 1.1 shows the region 
surveyed, the excluded fields and also the approximate 
position of the galactic plane.
1.2 Magnitude estimates
For each galaxy classified in the ESO/Uppsala 
lists as type E, SO, E-SO, E: or SO:, the sky survey film 
was inspected and an integrated magnitude estimated by 
comparison with a survey film of the Fornax galaxy cluster 
(field 358) , in which a large number of galaxies have 
published magnitudes (de Vaucouleurs, de Vaucouleurs and 
Corwin 1976; RCBG2). Estimates were made to the nearest 
0.5 magnitude only. At the same time, brief notes on 
each galaxy (e.g. membership in a group or cluster, 
presence of a dust lane) were made.
Several problems arise when estimating magnitudes 
in this way. In particular, the brightness of the sky 
background may vary from field to field by several tenths 
of a magnitude depending on the time of year a plate was 
taken, the galactic latitude of the field and the batch of 
plates used. This may lead to difficulties when comparing 
magnitudes between different fields, and so when a field 
being inspected contained galaxies of known magnitude, these 
too were taken into account in the magnitude estimates.
Figure 1.1 The survey region, shown on a plan of the ESO/SRC 
sky survey (Holmberg et al. 1974a). The fields marked with a 
diagonal line were excluded because they were not in lists 
I - VII of the ESO/Uppsala catalogue. The approximate position 
of the galactic plane is shown by dashed lines.
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Differences in surface brightness between the galaxies 
being compared can also lead to error, but this effect 
appears to be small for most early-type galaxies.
The aim of this preliminary survey was to select 
a sample of E and SO galaxies complete to some cut-off 
magnitude, and later to measure more accurate magnitudes 
for the selected galaxies using photoelectric aperture 
photometry. As will be shown in a later chapter, no 
appreciable errors in the cut-off magnitude or in the 
sample completeness were introduced by the method of 
selection chosen.
About 1100 galaxies were examined, and Table 1.1 
shows the number of galaxies in each 0.5 magnitude bin 
(e.g. m = 14.0 covers the magnitude range 13.75 - 14.25) 
for galaxies of magnitude 16.0 or brighter, divided into 
morphological types E, E-SO and SO (as classified in the 
ESO/Uppsala lists). For galaxies fainter than magnitude 
15, magnitude estimates were difficult due to the lack of 
suitable comparison galaxies of known magnitude.
1.3 Selection of the magnitude limit
Several factors must be taken into account when 
deciding on a magnitude cut-off for the galaxy sample.
Most importantly, the cut-off must be at some magnitude at 
which the parent catalogue is still complete, so it is 
necessary first of all to investigate the completeness of 
the ESO/Uppsala lists for E and SO galaxies.
E-SOill ,— est
14.0
16.0
Table 1.1 Distribution of m ^ for types E, E-SO and SO.
-?est Fraction E No.
11.0 .50 2/4
11.5 .50 3/6
12.0 .40 4/10
12.5 .44 8/18
13.0 .41 13/32
13.5 .21 8/38
14.0 .21 20/97
14.5 .09 9/104
15.0 .09 19/215
15.5 .07 23/337
16.0 .02 2/88
Table 1.2 E galaxies as fraction of total (E + SO). 
(E-SO galaxies excluded)
8.
The ESO/Uppsala lists will become incomplete at 
faint magnitudes because increasing numbers of galaxies 
are rejected by the 1.0 arc minute cut-off in diameter 
(although the lists contain some galaxies with diameters 
less than 1.0 arc minute, in particular those with NGC 
numbers and some interacting galaxies). A first estimate, 
based on the relationship between diameter and magnitude 
for galaxies in the Uppsala General Catalogue (Nilson 1973; 
UGC) indicates that the diameter cut-off becomes important 
around magnitude 14.5. Since the UGC and ESO/Uppsala 
diameters measure approximately the same isophote (25 mag./ 
arc second* 2)*, a similar result is expected for the ESO/ 
Uppsala lists, and this is confirmed both by the distribution 
of mest in Table 1.1 and later by the magnitude-diameter 
relationship for galaxies in the present sample after 
accurate (photoelectric) magnitudes were measured (see 
Section 1.4).
* The major diameter, DE 0^, quoted in the ESO/Uppsala lists 
is very close to the diameter D2 5 defined by the 0.25 mag./ 
arc second2 isophote in RCBG2 (and in turn, D25 ~ DUGC)• 
Griersmith (1981, private communication) derives the 
relationship
log D =0.83 (±0.07) . log D „  +0.202 b ESO
for 1.0 < log Deso < 2.2, based on 95 early-type galaxies 
(where D is in units of 0.1 arc minute for consistency 
with RCBG2). Thus D and D25 are equal at a diameter 
of 1.5 arc minutes anaudiffer ^by less than 5% in the 
range 1.0 - 2.0 arc minutes, which covers most of the 
sample galaxies.
The relationship log D25 = 0.87 (±0.09) . log DES0 + 0.16 
derived by Bergvall (1981) for 26 galaxies of various 
types is in good agreement with that derived by 
Griersmith.
9.
Figure 1.2 shows a plot of log N(m) versus 
apparent magnitude m for the data of Table 1.1 (shown by 
filled circles) and for E and SO galaxies in the UGC (open 
circles). N(m) is in units of galaxies/mag./deg.2 
calculated using 0.5 magnitude bins, and the error bars are 
given by /n for each bin. The area covered by the UGC is 
taken as 20668 deg.2. The relationship between N(m) and m 
must be interpreted with some subtlety, since it depends both 
on the underlying galaxy luminosity function and on the space 
distribution of the galaxies. This will be discussed in more 
detail in Chapter 5, but for the present purpose it is 
possible to estimate the completeness of the ESO/Uppsala 
lists from Figure 1.2 since the UGC is known to be complete 
to magnitude 14.5 (Jenkins 1982).
The line shown in Figure 1.2 has a slope of 0.6 
log no./magnitude, which is the slope expected for a 
complete sample of galaxies uniformly distributed in 
space. Both sets of data lie close to this line for 
magnitudes in the range 12.5 - 14.5, while the excess of 
galaxies above the line at magnitudes brighter than 12.5 
is due to the density enhancement of the local supercluster 
(Kirshner, Oemler and Schecter 1979; KOS). At magnitudes 
fainter than 14.5 the galaxy counts fall below the line 
because both catalogues are becoming incomplete due to the 
1.0 arc minute diameter cut-off. Thus the ESO/Uppsala 
lists are estimated to be complete to magnitude 14.0 and 
seriously incomplete only at magnitudes fainter than 16.0.
Figure 1.2 The number - magnitude relationship for galaxies 
in the Uppsala General Catalogue (Nilson 1973) (open circles) 
and the present sample (filled circles). The line has a slope 
of 0.6, which is the expected relationship for a complete 
sample of galaxies uniformly distributed in space. The error 
bars are vfo.
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The estimated magnitudes in Table 1.1 have not been 
corrected for galactic extinction, but this does not 
affect the conclusion significantly.
A value of 14.0 was therefore chosen as the 
magnitude limit for the galaxy sample. This was done 
for several reasons: the ESO/Uppsala catalogue appears to
be complete to this limit, the classification problems 
apparent at fainter magnitudes (see Section 1.4) are 
unlikely to cause trouble, and the number of galaxies in 
the sample (about 250) was not too large for the planned 
observations to be completed in the time available. The 
seventeen E and E-SO galaxies with mest = 14.5 were also 
included in the sample to be observed. The total number 
of galaxies in the sample is 248, and the galaxies 
selected are listed in Table 1.3.
The completeness of the galaxy sample is discussed 
in detail in Chapter 5.
1.4 Classification of E and SO galaxies in the ESO/Uppsala 
catalogue
It is apparent from Table 1.1 that the fraction of 
galaxies classified as E rather than SO in the ESO/Uppsala 
lists decreases towards fainter magnitudes, and Table 1.2 
shows that the ratio of ellipticals to SOs (neglecting the 
E-SO classification) decreases from 0.50 at magnitude 11 to 
0.02 at magnitude 16. This poses a serious problem, since 
it indicates a discrepancy in the classification system at 
faint magnitudes.
11.
One possibility is that a number of elliptical 
galaxies have been misclassified as SO, and the fact that 
many galaxies classified as SO in the ESO/Uppsala lists 
are classified as E in RCBG2 supports this argument.
However, the position is not as simple as this. Buta (1982, 
private communication) points out that most of the southern 
RCBG2 classifications are either from the Whiteoak extension 
of the Palomar sky survey or from a series of plates taken 
in 1956 by de Vaucouleurs using the Mt Stromlo 30" (0.76 m) 
telescope. This material is in general inferior to the 
ESO(B) plates, with the added disadvantage that the Whiteoak 
extension is a red survey, while standard galaxy 
classification systems require blue plates. A careful 
inspection of the SO galaxies classified as E by RCBG2 
confirmed that the ESO/Uppsala classification is more 
accurate in almost every case, and the few galaxies in 
common with those classified by Sandage and Brucato (1979) 
from Cerro Tololo 100" plates are also in good agreement. 
Hence it seems unlikely that misclassification of E 
galaxies as SOs can account for the discrepancy.
The most likely explanation appears to be a 
selection effect introduced by the 1.0 arc minute cut-off 
in the ESO/Uppsala catalogue. An elliptical galaxy has, 
in general, a smaller major axis diameter than an SO 
galaxy of the same magnitude when both are oriented at 
random, since elliptical galaxies are rounder on average 
and also have a higher central surface brightness than
12.
disk galaxies (Allen and Shu 1979). SO galaxies of a 
given magnitude also show a far larger spread in diameter 
than elliptical galaxies, and these effects can be seen in 
Figure 1.3, where the major axis diameter of each galaxy,
is plotted against the magnitude B (from photoelectric 
aperture photometry; see Chapter 3) for E and SO galaxies 
in the final sample. It is clear from Figure 1.3 that the 
SO galaxies have both a larger average diameter and a 
larger spread in diameter than the ellipticals. Hence 
more ellipticals than SOs will be removed from the 
catalogue by choosing a specific cut-off diameter, and the 
ellipticals removed will be brighter on average than the 
SOs removed.
Figure 1.4 shows a plot of the cumulative total
N (< m ) of galaxies brighter than magnitude M for 6st est
the estimated magnitudes from the ESO/Uppsala lists. From 
Figures 1.3 and 1.4, it is clear that the elliptical galaxy 
component is becoming incomplete around magnitude 13.7 - 
14.0 because some galaxies at these magnitudes are too small 
to satisfy the diameter cut-off. On the other hand, the 
SO component in Figure 1.4 appears to be complete to 
magnitude 15.0 - 15.5 even though Figure 1.3 suggests that 
at least some magnitude 14 SOs must fall below the cut-off 
diameter. Classification of a galaxy of magnitude 14 - 15 
on a plate with a scale of 67.4 arc seconds/mm is extremely 
difficult, and at this magnitude it becomes almost impossible 
to distinguish between SO galaxies and early-type spirals
Figure 1.3 The relationship between galaxy diameter and apparent
magnitude BT for galaxies in the ESO/Uppsala lists.
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(SO -a, Sa) on the ESO(B) plates. It is likely, therefore, 
that the expected loss of small SOs from the sample at
.'v.
magnitudes fainter than 14.0 has been offset by 
contamination from spiral galaxies whose spiral structure is 
too faint to be visible. The UBV colours measured in 
Chapter 3, however, indicate that spiral contamination is 
not significant at magnitudes brighter than 14.0.
de Vaucouleurs (1963) quotes relative frequencies 
for galaxies of various morphological types, based on a 
sample of about 1500 galaxies. Elliptical galaxies 
comprised 13% of this sample, SO galaxies 22% and spirals 
61% (about 40% of these spirals being type Sb or earlier). 
Thus elliptical galaxies should comprise about 38% of a 
sample of elliptical and SO galaxies. E and E-SO galaxies 
together account for 40% of the E and SO galaxies brighter 
than magnitude 14.0 in the ESO/Uppsala lists, so that if 
those galaxies classified as E-SO are considered as 
ellipticals the ratio of elliptical to SO galaxies is 
consistent with that expected.
To summarize: the ESO/Uppsala catalogue is
estimated to be complete to magnitude 14.0 for both 
elliptical and SO galaxies. At magnitudes fainter than 
14.0, some galaxies are removed from the catalogue due to 
the 1.0 arc minute diameter cut-off, but elliptical 
galaxies are removed more rapidly because of their 
smaller diameters and higher central surface brightness.
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The ESO/Uppsala catalogue is affected by classification 
problems at magnitude 14 - 16, and the SO classification 
is likely to be contaminated by early-type spirals. At 
the magnitude cut-off of 14.0 chosen for the present 
sample, however, these effects are small, and the relative 
fraction of E and SO galaxies is consistent with that 
expected from the results of de Vaucouleurs (1963). A later 
analysis (see Chapter 5) shows that no significant errors in 
the cut-off magnitude or in the completeness of the galaxy 
sample in Table 1.3 were introduced by the method of 
selection chosen.
1.5 A magnitude-limited sample of E and SO galaxies south 
of -32°
Table 1.3 lists the 248 galaxies in the magnitude- 
limited sample.
The information listed is as follows:
Column (1) Name*
(2,3) RA, declination (1950.0 co-ordinates)
(4) Morphological type
For consistency, the morphological types classified by 
Holmberg et al. (1974a, 1974b, 1975, 1977, 1978a, 1978b, 
1980) in the ESO/Uppsala lists are used for all galaxies 
throughout this study. However, galaxies classified as 
E-SO are sometimes considered as ellipticals, and it will
* Galaxies denoted by e.g. 149-G19 are as designated in 
the ESO/Uppsala catalogue. The first three digits 
indicate the ESO(B) survey field (see Figure 1.1).
Table 1.3 The 248 galaxies in the magnitude limited
sample (see page 14).
149-G19 00 07 30 -57 17 54 E-SO
194-G21 00 27 19 -51 47 42 SO
NGC 312 00 54 25 -53 03 12 E
NGC 323 00 54 25 -53 14 48 E
151-G12 00 54 25 -53 22 06 SO
IC1625 01 05 29 -47 10 24 E-SO
013-G12 01 06 21 -80 34 24 SO
IC1633 01 07 42 -46 11 48 SO
NGC 484 01 17 38 -58 47 12 SO
NGC 630 01 33 25 -39 36 54 SO
NGC 641 01 36 31 -42 46 48 E
244-G45 01 36 54 -46 49 42 E-SO
NGC745 01 52 24 -56 56 06 E
NGC802 01 57 55 -68 06 42 E-SO
NGC862 02 11 02 -42 16 00 E-SO
IC1796 02 20 48 -41 35 54 SO
IC1864 02 51 37 -34 24 00 E
IC1875 03 02 02 -39 38 06 E
NGC1316 03 20 47 -37 23 12 SO
IC1919 03 24 02 -33 04 12 SO
NGC1336 03 24 35 -35 53 18 SO
358-G06 03 25 20 -34 42 00 E
NGC1351 03 28 38 -35 01 24 SO
NGC1374 03 33 21 -35 23 30 SO
NGC1375 03 33 21 -35 25 54 SO
NGC1379 03 34 08 -35 36 18 E
NGC1380 03 34 32 -35 08 24 SO
NGC1381 03 34 36 -35 27 30 SO
NGC1380B 03 35 13 -35 21 30 SO
NGC1389 03 35 17 -35 54 30 SO
NGC1399 03 36 34 -35 36 42 E
NGC1404 03 36 57 -35 45 18 E
NGC1411 03 37 04 -44 15 42 SO
NQC1419 03 38 51 -37 40 18 E
NGC1427 03 40 25 -35 33 06 SO
NGC1428 03 40 28 -35 18 42 SO
358-G59 03 43 10 -36 07 42 E
IC2006 03 52 36 -36 06 48 E-SC
NGC1490 03 53 09 -66 09 48 E
IC2035 04 07 28 -45 38 54 E
NGC1533 04 08 46 -56 15 00 SO
NGC1549 04 14 39 -55 42 54 E-SC
NGC1553 04 15 05 -55 54 12 SO
NGC1567 04 19 43 -48 22 18 SO
NGC1571 04 20 33 -43 44 42 SO
NGC1574 04 20 59 -57 05 24 SO
NGC1596 04 26 32 -55 08 12 SO
NGC1595 04 26 56 -47 55 30 E
118-G34 04 39 27 -58 50 30 SO
NGC1705 04 53 06 -53 26 30 SO
NQC1930 05 24 33 -4 6  46 18
NGC1947 05 26 28 -6 3  48 06
NGC2191 06 07 17 - 5 2  30 06
NGC2305 06 48 19 -6 4  12 54
NGC2310 06 52 16 -4 0  47 54
NGC2328 07 01 01 -4 1  59 42
367-G 08 07 14 50 -3 5  17 00
IC2200A 07 27 31 - 6 2  15 30
208-G 21 07 32 37 -5 0  19 54
NGC2434 07 34 59 - 6 9  10 18
NGC2502 07 54 34 - 5 2  10 24
NGC2640 08 36 05 -5 4  56 54
NGC2663 08 43 08 -3 3  36 42
NGC2887 09 22 16 -6 3  35 48
NGC3087 09 56 58 -3 3  59 06
NGC3136 10 04 31 -6 7  08 54
IC2552 10 08 34 -3 4  35 54
NGC3136B 10 08 52 -6 6  45 30
NGC3224 10 19 27 -3 4  26 36
NGC3250 10 24 21 -3 9  41 18
NGC3258 10 26 39 -3 5  21 00
NGC3260 10 26 51 - 3 5  20 18
NGC3268 10 27 45 -3 5  04 06
NGC3271 10 28 11 -3 5  06 06
NGC3273 10 28 14 -3 5  21 12
IC2587 10 28 44 -3 4  18 24
263-G 48 10 29 04 -4 5  59 36
376-G 07 10 38 55 -3 6  53 00
376-G 09 10 39 43 - 3 2  59 00
318-G 21 10 50 48 -4 0  03 48
NGC3557B 11 07 10 -3 7  04 36
NGC3557 11 07 35 -3 7  16 00
NQC3564 11 08 14 -3 7  16 30
NGC3573 11 08 56 - 3 6  36 06
377-G 29 11 12 14 -3 3  38 00
NGC3606 11 13 51 -3 3  33 12
NGC3706 11 27 17 -3 6  07 00
378-G 20 11 44 46 -3 7  16 24
IC2977 11 52 42 -3 7  25 00
NGC4373 12 22 39 -3 9  29 00
322-G 08 12 22 58 -3 9  02 36
IC3370 12 24 57 -3 9  03 42
NGC4601 12 38 03 -4 0  37 06
322-G 51 12 38 10 - 4 1  19 54
NGC4645A 12 40 21 -4 1  05 06
NGC4645B 12 40 47 -4 1  05 18
381-G 12 12 41 23 -3 3  55 48
NGC4645 12 41 25 - 4 1  28 36
NGC4696B 12 44 36 -4 0  57 54
NGC4696 12 46 04 -4 1  02 18 8
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322- G102 
NGC4706 
NGC4709
323- G16 
323-G19
NGC4743
NGC4751
323-G34
NGC4767
269-G08
381- G29 
IC3896 
NGC4832 
NGC4940 
NGC4946
NGC4976
269-G58
323-G92
NGC5011
323-G93
382- G34 
NGC5062 
269-G80 
NGC5090A 
269-G90
NGC5090
NGC5102
NGC5128
NGC5140
NGC5193
NGC5206
NGC5220
IC4296
NGC5237
383- G45
383- G49 
NGC5266 
NGC5333
384- G13 
384-019
NGC5397
NGC5419
221-G26
IC4421
IC4451
NGC5670
IC4464
NGC5799
137-G08
137-010
12 46 52 -41 07 00 SO
12 47 08 -41 00 30 SO
12 47 18 -41 06 36 SO
12 49 00 -40 51 36 E-SO
12 49 17 -41 11 18 E-SO
12 49 29 -41 07 06 SO
12 50 04 -42 23 18 SO
12 50 39 -40 56 00 E
12 51 07 -39 26 36 E
12 52 34 -44 32 36 SO
12 53 43 -36 06 00 E
12 53 51 -50 04 30 SO
12 55 00 -39 29 24 SO
13 02 07 -46 58 06 so
13 02 38 -43 19 24 so
13 05 42 -49 14 18 so
13 07 38 -46 43 30 so
13 09 25 -39 40 24 E
13 09 59 -42 49 54 SO
13 10 22 -42 01 18 so
13 15 12 -36 41 12 so
13 15 34 -35 11 42 so
13 16 04 -46 59 42 so
13 16 26 -43 23 12 so
13 17 52 -46 57 18 so
13 18 18 -43 26 36 E
13 19 07 -36 22 12 so
13 22 33 -42 45 24 E
13 23 31 -33 36 30 SO
13 29 03 -32 58 42 E
13 30 41 -47 53 42 SO
13 33 05 -33 11 54 SO
13 33 47 -33 42 42 E
13 34 40 -42 35 36 SO
13 34 47 -33 33 30 SO
13 35 11 -33 37 12 SO
13 39 56 -47 55 06 so
13 51 15 -48 16 00 so
13 52 47 -33 28 54 so
13 54 44 -33 58 30 so
13 58 14 -33 42 12 so
14 00 42 -33 44 18 so
14 05 11 -47 44 00 E-SO
14 25 27 -37 21 36 E
14 31 33 -36 04 00 E
14 32 30 -45 44 54 SO
14 34 44 -36 39 42 E-SO
15 00 32 -72 14 18 SO
16 11 25 -60 47 42 SO
16 11 30 -60 40 42 E
101-G14 16 44
137-G45 16 46
069-G14 16 46
138-G05 16 49
NGC6305 17 13
NGC6407 17 40
NGC6483 17 54
NGC6438 18 05
182-G07 18 12
IC4704 18 22
NGC6653 18 36
NGC6673 18 40
IC4765 18 42
104-G07 18 42
IC4797 18 52
183-030 18 52
NGC6721 18 56
NGC6725 18 57
NGC6733 19 01
NGC6730 19 02
337-GlO 19 02
NGC6739 19 03
NGC6746 19 05
184-033 19 08
NGC6758 19 09
NGC6768 19 13
NGC6771 19 14
NGC6776 19 20
105-G04 19 27
NGC6799 19 28
142-G19 19 29
232-G21 19 40
IC4889 19 41
IC4906 19 52
IC4931 19 57
NGC6848 19 58
185-G54 19 59
NGC6851 19 59
NGC6854 20 01
IC4943 20 02
NGC6849 20 02
NGC6861 20 03
NGC6861D 20 04
NGC6868 20 06
IC4956 20 07
NGC6875 20 09
NGC6876 20 13
NQC6877 20 13
NGC6880 20 14
IC4991 20 15
-62 31 00 SO
-60 43 24 E
-69 02 30 SO
-58 41 48 SO
-59 07 06 SO
-60 43 06 SO
-63 39 54 E
-85 25 06 E-SO
-57 14 54 E
-71 38 24 SO
-73 18 48 SO
-62 20 54 SO
-63 23 12 SO
-63 24 54 E-SO
-54 22 18 SO
-54 36 48 SO
-57 49 42 SO
-53 56 12 SO
-62 16 24 so
-68 59 18 E
-42 26 36 SO
-61 26 48 SO
-62 03 06 so
-56 21 48 so
-56 23 42 E
-40 17 54 SO
-60 38 12 so
-63 57 36 so
-64 31 12 E-SO
-56 00 54 SO
-58 13 18 SO
-51 43 24 so
-54 27 54 E
-60 36 06 SO
-38 42 48 SO
-56 13 42 SO
-56 05 18 so
-48 25 30 so
-54 31 12 so
-48 31 06 E
-40 20 30 E
-48 30 54 E
-48 21 24 SO
-48 31 36 E
-45 44 30 SO
-46 18 42 SO
-71 00 48 so
-71 00 36 E-SO
-71 01 00 SO
-41 12 24 SO
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186-G36 20 17
234-G21 20 20
NGC6909 20 24
IC5011 20 25
NGC6920 20 36
NGC6958 20 45
NGC6987 20 54
107-G04 20 59
235-G42 21 00
235-G49 21 01
NGC7002 21 00
NGC7007 21 01
286-G49 21 03
286-G50 21 03
NGC7014 21 04
NGC7029 21 08
NGC7041 21 13
342-G27 21 13
235-G85 21 14
NGC7049 21 15
IC5105 21 21
NGC7057 21 21
011-G0 3 21 27
NGC7070A 21 28
NGC7079 21 29
NGC7097 21 37
NGC7117 21 42
NGC7118 21 42
NGC7123 21 46
NGC7144 21 49
NGC7145 21 50
NGC7166 21 57
NGC7168 21 58
IC5157 22 00
NGC7196 22 02
NGC7192 22 03
NGC7200 22 03
NGC7213 22 06
NGC7216 22 08
IC5181 22 10
NGC7404 22 51
IC5267B 22 54
IC1459 22 54
IC5269 22 54
027-G21 23 00
NGC7484 23 04
NGC7676 23 26
NGC7796 23 56
-53 55 24 SO
-49 50 48 SO
-47 11 30 E
-36 11 36 SO
-80 10 48 SO
-38 10 54 E
-48 49 24 E-SO
-67 22 42 E
-48 24 06 SO
-48 23 18 E
-49 13 42 E
-52 45 06 SO
-47 23 18 E
-42 45 24 E
-47 22 48 E-SO
-49 29 18 E
-48 34 24 SO
-42 28 06 SO
-48 44 54 E
-48 46 30 SO
-40 45 06 E
-42 40 36
-83 07 30
-43 04 00
-44 17 18
-42 46 00
-48 39 06
-48 35 06
-70 34 06
-48 29 24
-48 07 06
-43 37 48
-51 59 00
-35 11 00
-50 21 48
-64 33 36
-50 14 24
-47 24 42
-68 54 30
-46 16 00
-39 34 54
-44 01 42
-36 43 48
-36 17 36
-79 44 12
-36 32 41 
-59 59 36 
-55 44 06
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be indicated when this has been done. It should also be 
noted that the cD classification (Matthews, Morgan and 
Schmidt 1964) is not used in the ESO/Uppsala lists, and 
that several bright SOs in the sample have been classified 
as cD by other observers (e.g. NGC 1316, NGC 4696,
NGC 5419, IC 4765; D. Carter 1982, private communication). 
Thus the ESO/Uppsala SO classification is a somewhat 
heterogeneous one, including both large, round galaxies 
with extended envelopes and smaller lenticular galaxies, 
and this should be kept in mind when interpreting the 
results of the survey. Jenkins (1982) makes a similar 
point concerning the SO classification in the UGC.
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2. RADIAL VELOCITY MEASUREMENTS 
2.1 Introduction
The existence of a relationship between the 
distance of a galaxy and its recession velocity (redshift)* 
was first announced more than fifty years ago by Hubble 
(1929), and since that time the measurement of galaxy 
redshifts has played an important role in many areas of 
galaxy dynamics and cosmology.
The classical method of redshift measurement 
required a determination of the positions of individual 
absorption or emission lines in the galaxy spectrum using a 
travelling microscope or other measuring device. The wave­
length scale of the plate was determined by a polynomial 
fit to lines in a comparison arc spectrum, and the 
measured wavelength of each line was compared with its rest 
wavelength in order to calculate the velocity shift of the 
galaxy. This method has a number of disadvantages for 
absorption-line galaxies; the line wavelengths must be 
accurately known, which is difficult when the lines are 
broad (due to velocity dispersion in the galaxy) or
blended (since the variation of line strengths with
ogalaxy type can cause shifts of up to 1A in the effective
wavelength (Sandage 1978)), the lines may be contaminated
by night-sky emission or distorted by the slope of the
continuum (Simkin 1972) , and only a few lines (typically
2-5) are used to determine the redshift.
* Generally I shall use "redshift" (Z) to denote the
shift AX/X, and "radial velocity" (V) for the quantity 
CZ (in kms-1) measured at the telescope.
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A recent study by Rood (1982) indicates that the 
error in a radial velocity determined by classical methods 
is about 100 km/s, so that while these measurements have 
great value in determining the luminosity and space 
distribution of galaxies, more accurate redshifts are 
required to study the dynamics of pairs and groups of 
galaxies, where the velocity differences are typically less 
than 70 km/s (White et al. 1982). For spiral galaxies, a 
large number of 21 cm velocities, accurate to 10 km/s, are 
now available (Fisher and Tully 1981) but since early-type 
galaxies are not easily detectable at 21 cm, analysis of 
optical spectra still provides the only method of velocity 
measurement for these galaxies, and accurate velocities are 
essential for accurate determination of such fundamental 
parameters as M/L.
An analogue technique for comparing a stellar 
spectrum with a template of similar spectral type was 
developed by Griffin (1967) in order to measure stellar 
radial velocities both rapidly and accurately. This 
technique has also been applied to the measurement of 
digital galaxy spectra since the early 1970s, with the 
comparison being done by means of cross-correlation 
techniques based on the Fast Fourier Transform. The 
method of analysis, first described by Simkin (1974) and 
used by many other observers, can be applied not only to 
radial velocity measurements, but also to the measurement 
of velocity dispersion and rotation, so that it has wide 
use in many areas of galaxy dynamics.
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A mathematical description of the cross­
correlation technique has been given by Simkin (1974) , and 
by Tonry and Davis (1979) , and so only an outline of the 
method and a description of the various steps used in data 
reduction will be given here.
The galaxy spectrum, after suitable preparation, 
is cross-correlated with a template spectrum of known 
radial velocity. Since the composite spectral type of 
galaxies does not vary appreciably with morphological 
type for E, SO and early spiral galaxies (Humason, Mayall 
and Sandage 1956) , the same template may be used for a 
large number of galaxies. This technique has many 
advantages, since it removes the need to measure the 
positions of individual lines, the rest wavelengths of the 
lines need not be determined, and all the features present 
in the spectrum are taken into account in the cross­
correlation, so that the problem of dependence on two or 
three lines is overcome. In combination with modern solid- 
state linear detectors and computing facilities, this 
method makes possible a significant step forward in the 
study of the dynamics of early-type galaxies. Its power 
is demonstrated in the recent study by Rood (1982), who 
shows that the rms error in optical redshifts measured in 
this way (Tonry and Davis 1979, Kelton 1980) is ~ 40 km/s, 
compared with ~ 100 km/s for those measured by classical
methods. This increased accuracy may also be due in part
oto the higher dispersion (typically 100 A/mm compared to
o200-400 A/mm for photographic spectra) used for the cross­
correlation observations.
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A program of radial velocity measurements of the 
E and SO sample galaxies which form the basis of this study 
was carried out during the period July 1979 - March 1981 at 
the 74" (1.9m) telescope at Mt Stromlo Observatory. The
detectors used were a Carnegie Image Tube (10 nights) and 
a two-channel Reticon array (PCA, Stapinski, Rodgers and 
Ellis 1979) (28 nights). Observations were also made at
the 150" (3.9m) Anglo-Australian Telescope on two nights
in October 1980 and one night in May 1981, using the Image 
Photon Counting System (IPCS, Boksenberg 1972) as detector. 
Priority was given to observing galaxies with no previously 
published redshift (122 of the 248 galaxies), and to 
obtaining accurate velocities for a sub-sample of paired 
galaxies (see chapter 8). Galaxies with published velocities 
were also observed whenever possible in order to allow a 
cross-comparison of velocity measurements. A total of 243 
observations of 181 galaxies was made, and the following 
sections describe the observational and data reduction 
methods used with each instrument, the results obtained, 
and an estimate of errors.
2.2 Observations with the PCA
The detector used for most of the radial velocity 
observations was the Photon Counting Array (PCA) developed 
at Mt Stromlo Observatory (Stapinski, Rodgers and Ellis 
1979) and based on the work of Shectman and Hiltner (1976) . 
The detector incorporates a two-element Reticon array, and 
allows photon counting with a linear response and the 
facility for sky subtraction. Light entering the detector 
passes through a stack of six electrostatically focused
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image tubes onto the two 512 element arrays. Double 
binning* produces two arrays of 1024 pixels, which are 
separated by 2.5 mm.
A 600 line/mm grating, blazed at 1 ym and used
oin second order gave a reciprocal dispersion of 70 A/mm
oat the detector, and the resolution was about 2A (FWHM).
o oThe spectral region covered was from 4850 A to 5550 A, and
owas chosen to cover emission lines of Hß X 4861.3 A and
o o[OIII] X X  4958.9, 5006.8 A, the Mglb band around 5175 A
oand the strong Ca + Fe blend around 5269 A as well as 
numerous absorption lines of Fe. This region is also
relatively free of night-sky emission lines, with the strong
o olines at X 5460.7 A (Hg street lights) and X 5577.4 A
(sky [01]) falling close to the edge of the observed 
spectrum. The separation of the two arrays on the sky was 
about 2 arc minutes, and a slit width of 180 ym (about 2.5 
arc seconds on the sky) was used. A dekker with two 1.0 mm 
wide apertures was placed across the slit, one aperture 
being used for the galaxy observation and the other for a 
sky observation. Thus the area observed was 180 ym x 1.0 mm, 
or 2.5 x 14 arc seconds on the sky.
Each galaxy was observed in both arrays, firstly
in the lower aperture until about 30 sky-subtracted counts
per pixel were recorded, then for an equal time in the
upper aperture. The spectrograph slit was oriented
east-west for all observations, unless there was contamination
* Since the centring logic can identify the position of a 
photon event to within half a channel, the number of 
effective channels is doubled.
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by a field star, in which case the slit was rotated by a 
small amount. A comparison spectrum of a neon arc lamp 
was taken before and after each observation. Two or three 
radial velocity standard stars from the catalogue of Abt 
and Biggs (1972) were observed each night in order to form 
a composite stellar template. These stars were K0-K2 
giants of magnitude 3 to 6, and were observed through a 
neutral density filter (NG3, 1 mm) in order to reduce the 
count rate to a reasonable level, (the recommended maximum 
count rate for the PCA is 2 counts/second/channel, and 
saturation and clock noise become evident at higher count 
rates).
The total time required to observe a galaxy was 
20-60 minutes (for magnitudes in the range 12-14, but the 
exposure time was also strongly dependent on surface 
brightness). Each star was observed until the spectrum 
contained at least 500 counts/channel in order to maximize 
the signal/noise in the template, and this required about 
5 minutes per star.
All data reduction was done using a VAX 11/780 
computer. Firstly, the comparison spectra before and 
after each object were checked for a shift and added
together. During the observing program, shifts of up to
o1 A in the wavelength scale occurred when slewing the 
telescope from one position to another (possibly due to 
flexure in the detector). For this reason, a cautious 
attitude was taken to the stability of the wavelength scale. 
However, there was no significant shift in the arc spectra
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while the telescope was tracking, and so no errors appear 
to have been introduced into the results from this source.
About 15 arc lines of known wavelength were used
to fit a third-order polynomial to each arc spectrum to a
otolerance of 0.2 A (about 10 km/s). This fit defines the 
wavelength scale for each observation, and the accuracy was 
checked by rebinning the arc spectra to a wavelength scale 
and checking the positions of several lines. Except at the 
ends of the spectra (where the polynomial is less well- 
defined, and which were not used in the final cross­
correlation) , the calibration was found to be accurate to 
owithin 0.3 A.
The two independent spectra from the two PCA 
arrays are treated separately at this stage, and combined 
only after both have been rebinned to the same log A scale. 
Each spectrum (galaxy and sky, top and bottom) is rebinned, 
again to 1024 channels, using the corresponding wavelength 
calibration. A log A scale is chosen because the velocity 
shift on this scale is independent of wavelength. With this 
rebinning, a shift of 1.0 log channels corresponds to a 
velocity difference of 36.8 km/s. The spectra for each 
galaxy are sky subtracted and added together, and then 
normalized.
The spectra were filtered twice, using a low 
frequency Fourier filter and a high frequency filter (the 
optimum filter described by Brault and White, 1971). The 
low frequency filter removes the slope of the continuum
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as well as large-scale variations (on the scale of 250 
channels or more). The high frequency filter removes 
noise and pixel-to-pixel sensitivity variations (on a 
scale of 1-3 channels). Because this type of filtering 
was done, and because of the high spatial uniformity of 
the PCA response, flat fielding was not necessary for any 
of the PCA data.
A template was formed by taking all the standard 
stars observed during a particular run (typically 3-4 nights 
with 9-12 stars). For each star, a heliocentric velocity 
correction was calculated using the formula given by Lang 
(1974). The observed velocity of each star was then found 
by putting
Vobs = Vh - h.c. (2.2.1)
where is the heliocentric velocity given by Abt and Biggs 
(1972). However, the velocity observed for many of the 
standard stars differed from the expected value by up to 
20 km/s. This may be due to inaccuracy in the original 
velocity measurement (many of which date from the 1920s) or 
to guiding or centring errors at the slit, since night-to­
night variations of ~ 5 km/s were observed. For this 
reason, the following procedure was adopted: the shift of
each star relative to all the others was found, and a new 
velocity for each star calculated on the basis of the 
velocity difference between it and the other standards.
This process was repeated for three iterations in order to 
obtain a set of self-consistent radial velocities. Each
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stellar spectrum was then shifted by this final velocity 
to zero redshift and added to form a template. Each 
template was also compared with that of July 1980, which 
was taken as the standard for the zero point of the 
redshift scale, and the zero point of all the templates 
agreed to within 2 km/s.
The cross-correlation of galaxy and template 
spectra was performed as follows:
(i) The channels to be used in the cross­
correlation are selected (here, channels 
300-850, since they are well-defined by 
the arc calibration, contain all the 
important absorption lines and are free 
from end effects). The ends of the 
spectrum were tapered with a cosine bell 
function to remove any discontinuity and 
prevent ringing.
(ii) The Fourier transform (1024 points) of 
this masked spectrum is taken.
(iii) Cross-correlation of template and galaxy 
spectra is carried out in the Fourier 
domain.
(iv) An inverse Fourier transform is taken.
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(v) The position and height of the peak of the 
normalized cross-correlation function (CCF) 
are measured. The position of the peak 
gives the velocity shift in log X (1 log 
channel = 36.8 km/s), and the height indicates 
the goodness of match between template and 
galaxy (the height of the CCF may be 
reduced by low signal/noise in the galaxy 
spectrum as well as by spectral mismatch).
(vi) The galaxy is shifted to the blue by the 
specified number of log channels (so its 
redshift is now close to zero) and the 
process repeated. This is done because 
the results are most accurate for small 
velocity shifts, since otherwise largely 
different spectral regions are being 
compared.
(vii) A heliocentric velocity correction is 
applied to the final velocity to give 
the heliocentric velocity V^.
(viii) A solar motion correction for the
appropriate galactic co-ordinates (l,b).
AV = 300 sin 1 cosb (2.2.2)
is applied, and putting
Vo = Vh + AV (2.2.3)
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(RCBG2; de Vaucouleurs, de Vaucouleurs and 
Corwin, 1976) gives the corrected velocity 
Vo.
One point which should be noted is that the 
reduction program in use at Mt Stromlo 
determines the position of the CCF peak by 
finding the point at which the derivative of 
the CCF is zero, rather than by fitting a 
Gaussian to the peak. For sharp peaks, the 
difference is negligible but for broad 
peaks, when the CCF is noisy, the peak 
found by the program may differ by up to 
0.5 log channels from the centroid of a 
Gaussian profile. This was rarely a 
problem for the galaxies measured here.
Figure 2.1 shows a schematic representation of 
the data reduction process, while figure 2.2 shows the 
spectra of four galaxies observed in July 1980, the 
emission-line galaxy NGC 2328 and a stellar template.
IC 4797 and IC 4796 are paired SO galaxies. Note 
the broad absorption lines, particularly those of Mgl around 
log A 3.715 - 3.720, in IC 4797 as compared to the much 
narrower lines in IC 4796. The contrast is presumably due 
to a difference in central velocity dispersion of the two 
galaxies. Both spectra are of above average quality.
Normalization
Filter
Sky subtraction
Identify arc lines
Wavelength calibration
Remove continuum slope
Check position
of sky lines
Solar motion correction ( + V )
rebinning arc
spectrum
Cross-correlation with
template spectrum
Heliocentric correction ( -*• V )
Rebin galaxy spectrum
to log X bins
Figure 2.1 Data reduction process for radial velocity measurements
Figure 2.2 PCA spectra of five galaxies and a stellar template.
The spectra are in log X bins, and have been sky - subtracted, 
normalized and filtered as described in the text.
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The spectrum of NGC 7676 is of average quality, 
typical of most of the galaxies observed. Although it is 
somewhat noisier than the spectra of IC 4797/4796, the Mg I 
lines are well defined, and many other absorption lines are 
present. This is an E galaxy.
The spectrum of the E-SO galaxy 149-G19 is noisier 
than most of those observed, and is on the borderline of 
being measurable. However, the Mg I lines are visible at 
log X 3.725 to 3.730 and the value of Vo obtained,
9354 kms-1, is in good agreement with the value measured 
from an image tube plate (section 2.3). This galaxy, at 
magnitude 14.0, is among the faintest observed, and is also 
the most distant of the sample.
The SO galaxy NGC 2328 shows strong emission 
lines of X 4861.3 A and [OIII] XX 4958.9, 5006.8 A. 
However, the continuum is strong enough to allow measurement 
of an absorption line velocity also, and this was done for 
all the emission-line galaxies. For the sake of 
uniformity, the quoted velocity is always from absorption­
line measurements, since these represent the underlying 
stellar population of the galaxy, while emission lines 
originate in regions of ionized gas which may have quite 
different dynamics from the stellar population.
Figure 2.3 shows the cross-correlation function 
for each of the first four galaxies with the stellar 
template. A height of 1.0 for the normalized CCF peak 
represents a perfect correlation, and the galaxies with
Figure 2.3 Cross - correlation peaks for the four absorption - 
line galaxies in figure 2.2. The horizontal scale is in channels, 
centred at zero, and a shift of one channel represents a velocity 
difference of 36.8 km/s. The height of each peak is also shown.
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good correlations had peaks in the range 0.5 to 0.7. A 
few have peaks in the region 0.4 to 0.5, and these 
usually give reliable shifts, but correlations with a 
peak below 0.4 must be regarded as unreliable since the 
true peak can no longer be identified among the noise.
IC 4797 and IC 4796 show well-defined correlation 
peaks, at 74.6 and 84.5 log channels (Vo = 2658 and 3021 
km/s). The peak has FWHM ~ 20 log channels for IC 4797.
NGC 7676 shows a well-defined peak at 93.8 log channels 
(Vo = 3355 km/s), while 149-G19 shows a much noisier CCF 
with several spurious peaks. The highest peak at 256.7 
log channels (Vo = 9354 km/s) corresponds to the correct 
velocity, but this must be regarded as a borderline case, 
complicated by the large redshift of the galaxy.
2.3 Image tube observations
Observations of 85 galaxies were made during 
June-November 1980, using a second generation Carnegie 
image tube with sensitized IlaO plates.
A 600 line/mm grating, blazed at 5000 A and
oused in first order gave a reciprocal dispersion of 100 A/
o omm and covered the wavelength range from 3600 A to 5900 A.
oThe resolution was about 8 A FWHM, the slit width 200 ym, 
and the slit was oriented east-west as described for the 
PCA. A 5 mm dekker was used for the galaxy observations, 
corresponding to about 1.2 minutes of arc on the sky. Thus 
the area observed was about 4 x 70 arc seconds, with a 
resolution of about 4 arc seconds perpendicular to the 
dispersion.
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The IlaO plates were sensitized by out-gassing 
in a vacuum for about 20 minutes, followed by soaking in 
hydrogen gas for five hours. The plates were then rinsed 
with nitrogen and stored in nitrogen gas until required.
The image tube was used during the later part 
of the radial velocity program in order to increase the 
number of galaxies observed (since these observations
require less time than observations with the PCA) and also
oto obtain information about [Oil] X 3727.3 A emission in 
these galaxies (because the blue sensitivity of the image 
tube is significantly better than that of the PCA). The 
plates also provide some two-dimensional spectral 
information.
Two spectra of each galaxy were taken on the 
same plate, and the exposure times were typically 
5 minutes and 12 minutes. The double exposures were 
taken for several reasons: to reduce the danger of an 
over- or under-exposed spectrum since at least one of 
the two spectra is likely to be measurable, to allow the 
red and blue ends of the spectrum to be measured from 
different spectra if necessary (since the image tube is 
more sensitive in blue light than red, and so the blue 
may be saturated before the red is properly exposed if 
both are measured from the same spectrum) and to check 
how well repeated observations of the same galaxy agree.
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An exposure of a He arc lamp was made before 
and after each observation, on the same plate as the 
galaxy spectrum. Radial velocity standard stars were not 
observed during the image tube runs; instead the cross­
correlation template was formed from a number of bright 
galaxies with high signal/noise spectra.
Each spectrum was scanned with the Mt Stromlo PDS 
microdensitometer, using a 20 ym square aperture. Line 
widths were typically 80 ym for a weak arc line, 160 ym 
for a strong (over-exposed) arc line and 120 ym for the 
night sky lines, so that 20 y pixels give at least 4-5 
points in each spectral line.
Figure 2.4 shows how the spectra were scanned. 
Each scan consisted of 91 rows of 1251 pixels, scanned in 
a 'flipped raster' pattern. The scans were transferred 
on magnetic tape to the VAX 11/780 computer for further 
reduction.
In general, the arc spectra were in rows 1-20 
and 71-91 of the 91 rows, and the galaxy spectrum in 
rows 30-60. Ten arc rows, five from each side of the 
galaxy, were added together to form a composite arc 
spectrum. Similarly, two sets of five sky rows, 
symmetrically above and below the galaxy spectrum were 
added to form a composite sky spectrum containing nine 
night sky (and street light) emission lines. The
450 pm Arc
800 pm
I
1
J .. . i  I i
f« ’— 1X*TT -n ft..’.™  __ _____--— -1-4--- — ----— you _ _ • IV» j Galaxy 1800 pm
I i t ::: = .1 Arc
<r >
25000 pm
(a) Dimensions of the image tube spectra
25000 pm
1
20 pm
-<r
(b) Scanning pattern
(Alternate rows are reversed ('flipped') after 
scanning so that all the final spectra have X 
increasing from left to right).
Figure 2.4 Scanning of image tube plates with PDS microdensitameter
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continuum was removed*, and the resultant line spectrum 
added to the arc spectrum to form a combined arc and sky 
spectrum. Thus both arc lines and sky lines are used to 
determine the wavelength calibration. At the same time, 
the zero-point shift between arc and sky spectrum was 
checked by using a polynomial fit to the arc spectrum to 
rebin the sky spectrum on a wavelength scale and then
checking the positions of four night sky lines. The
odifference was usually less than 0.3 A (~ 20 km/s), 
comparable with the accuracy of the wavelength calibration, 
and there was no evidence for a systematic shift between 
arc and night sky spectra.
Using the combined arc/sky spectrum, the wave-
olength scale was well defined (to within 0.2 A) in the
oregion 3600-5800 A. Several over-exposed and blended 
lines were rejected as too broad for accurate calibration, 
and about 20 lines were used in a 3rd order polynomial fit 
to the spectrum in order to define the wavelength calibration 
for each galaxy.
Several (usually 6-8) central galaxy rows were 
added together to form a composite galaxy spectrum. No 
sky subtraction was done, since the plates were 
uncalibrated, but the night sky lines were removed by 
interpolating across them.
* By first interpolating across the emission lines and 
removing them, then subtracting this resultant 
continuum from the original spectrum to leave only the 
lines.
32.
Each galaxy spectrum was then rebinned into 
log X bins (1251 channels) using the appropriate calibration 
coefficients. At this stage, the two spectra for each 
galaxy were usually added together, as this was found to 
improve the resulting velocity measurement. However, the 
spectra were cross-correlated before adding in order to
check that there was no systematic shift between them.
oThe agreement was good to within 0.3 A (compared with
otypical line widths of 8-10 A). The spectra were then 
normalized and filtered with both a low frequency and a 
high frequency Fourier filter as described in the previous 
section.
During each run, plates were taken with the 
arc exposed right across the dekker in order to check 
for distortion across the plate. These plates often 
showed a linear shift of line position across the 91 
rows, caused by image tube distortion. Figure Z.5 shows 
a graph of displacement relative to row 40 for an arc 
plate (the shifts were found by cross-correlating all 91
rows of raw data against row 40). The shift is linear to
o owithin 0.05 A, and reaches a maximum value of ± 0.8 A.
When, for example, arc spectra from rows 10 and 80 are
o .added, the peak positions will differ by about 1.5 A m
olines which are 12-15 A wide. Hence there will be a 
slight, but negligible broadening of the sum of the two 
lines compared to an individual line, and the peak of 
the sum will be midway between the two individual peaks
Figure 2.5 Linear shift of arc lines across a PDS scan, as 
discussed in the text.
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(provided the lines have about the same strength). Since 
the shift is linear, the peak of the sum of arc lines 
taken symmetrically about the central galaxy position will 
be at the same location as the peak at the central position, 
and so no shift in the calibration is introduced.
Difficulties in aligning each plate at exactly 90° 
to the PDS scanning direction may also contribute to the 
linear shift, but this is a much smaller effect. The 
maximum error in alignment is 0.1°-0.2°, which causes a 
shift of 3-6 ym between rows 1 and 91, compared with the 
total shift of 35 ym seen in figure 7.5. Since the angle 
between lines and scanning direction varies from plate to 
plate, however, the method just described seems the most 
reasonable way of determining the wavelength calibration.
A galaxy template was formed using the ten 
galaxies listed in Table 2.1 with their adopted velocities 
(all taken from RCBG2). Figure 2.6 shows the composite 
template spectrum, and the scale in log A corresponds to 
114.3 km/s/log channel.
The region selected for cross-correlation (channels
o500-1100) covered the wavelength range 4350-5460 A, and was
chosen because it contains many absorption lines (especially
Mgl A 5175 A, Ca + Fe A 5269.0 A) and is free of strong night
sky lines. The night sky spectrum at Mt Stromlo,
contains many strong Hg lines from street
lighting as well as the usual oxygen airglow lines. The
region around the Ca H + K absorption lines, AA 3933.7,
Figure 2.6 The composite galaxy template used for cross 
correlation with image tube spectra (see table 2.1).
5700.4500.4100. 4900.3700
Vh (km/s)
Galaxy Adopted (RCBG2) Measured
NGC 1411 1070 900
NGC 5419 4268 4020
IC 4797 2582 2622
NGC 6758 3327 3338
NGC 6868 2763 2822
NGC 7049 2158 2162
NGC 7145 1874 1784
NGC 7196 3007 2873
NGC 7213 1769 1723
IC 1459 1624 1604
Table 2.1 Galaxies used in template for image tube observations
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3968.5 A was avoided because of blending of the H + K lines
'""L-
o oand the continuum break at 3980 A with the X 4046.6 A sky 
line. When velocities from the two regions (channels 100- 
500 for Ca H + K, and 500-1100 for Mgb) were compared, 
they agreed to within 25 km/s for V < 4500 km/s, but 
discrepant redshifts were seen at V > 4500 km/s* with 
the Ca H + K velocity being in error by 100-500 km/s (and 
occasionally up to 2000 kms!). For this reason, only the 
Mgb region, free of sky lines, was used in calculating 
velocities.
A radial velocity for each galaxy was found by 
cross-correlation with the template and correction for 
heliocentric and solar motion in the normal way. A few 
galaxies gave dubious results, usually because the 
spectrum was under-exposed. These observations were later 
repeated with the PCA or IPCS.
The zero-point of the galaxy template was
checked against the PCA template stars and found to show a
shift of + 66 km/s (i.e. about 0.5 log channels). If the
template is at a redshift greater than zero, the velocities
obtained will be systematically too low, and this was
confirmed when the velocities of 21 galaxies observed with
the image tube were compared with velocities from other
sources (PCA or published data). The mean difference was
* The 3980 A H + K break is shifted into the X 4046 A 
sky line at V ~ 4500 km/s, and the H + K lines are 
not shifted clear of this feature until V ~ 10000 km/s.
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-79 (±15) km/s. When the individual galaxies used to form 
the template were checked, three (NGC 1411, NGC 5419 and 
NGC 7196) showed large differences between the RCBG2 
velocity and the velocity measured from cross-correlation. 
Since all these errors happened to be positive (+170, +266 
and +134 km/s respectively, i.e. RCBG2 velocity too large), 
the effect was to shift the mean value of the composite 
template by +59 km/s (see Table 2.1). The velocities of 
the other seven template galaxies were in good agreement 
with RCBG2, and had these galaxies alone been used in the 
template the problem would not have arisen. A correction 
of +66 km/s was therefore applied to each galaxy velocity 
measured with the image tube and the final, corrected 
velocities are given in Table 2.2. The error analysis in 
Section 2.6 shows that the corrected velocities are in 
excellent agreement both with published data and with PCA 
and IPCS measurements.
2.4 IPCS observations
The Image Photon Counting System (IPCS, Boksenberg 
1972) was used to observe 79 galaxies during the nights of 
28 and 29 October 1980 and 12 May 1981. Fifty-eight of the 
galaxies were members of isolated pairs, so that a 
homogeneous set of radial velocity measurements is available 
for the entire subset of 29 pairs discussed in detail in 
Chapter 8.
The 150" (3.9 m) telescope was used for these 
observations because several of the companion galaxies
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in pairs were faint (magnitude 14-15) low surface-brightness 
spirals which would have been difficult to observe against 
the brighter Canberra night sky at the 74" (1.9 m) telescope.
Also, the two-dimensional nature of the IPCS spectra allowed 
both members of a close pair to be observed on the slit 
simultaneously, and provided information on the outer parts 
of the galaxies as well as the nuclei.
For the October 1980 run, the 1200 V grating 
(i.e. 1200 lines/mm) was used in first order with the RGO
spectrograph and 25 cm camera to give a reciprocal dispersion
o oof 33 A/mm. The wavelength range was 4700-5700 A. For the
May 1981 run, the 600 V grating was used, also in first
oorder, giving a reciprocal dispersion of 66 A/mm and a
owavelength range 4700-6700 A. Each IPCS spectrum consisted 
of 20 rows of 2000 channels (10 rows were used for stars,
50 rows for paired galaxies observed simultaneously). The
0 0 , ospectral resolution was ~ 1 A FWHM at 33 A/mm and ~ 2 A
oFWHM at 66 A/mm. The resolution on the sky was about the 
same as the spacing between rows, 2.5 arc seconds. The 
slit width was 250 ym, and the orientation of the slit 
varied with telescope position.
Several radial velocity standard stars (Abt and 
Biggs, 1972) were observed each night, and an exposure 
time of 300-500 seconds was needed to obtain about 500 counts/ 
channel. A flat field with a tungsten lamp was taken at the 
end of each night in order to determine the response of the 
IPCS to uniform illumination, and twilight sky exposures
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were made to check for vignetting (since this cannot be 
determined from the internally illuminated flat field).
Exposures of a copper-argon arc lamp were taken 
before and after each galaxy or star exposure. To monitor 
the stability of the system, the maximum exposure time was 
1000 seconds. For fainter galaxies, a second exposure was 
taken and added to the first after both had been processed.
The exposure time for galaxies was in the range 300-2000 
seconds, with an average of about 900 seconds, and a total 
of about 50-100 sky subtracted counts per channel in the 
continuum (200-300 for the brightest galaxies).
Each spectrum was flat-fielded by dividing it by 
a normalized flat field taken in the same data area used 
for the spectrum. Vignetting was found to be negligible 
except in one exposure which used a 100 row array. In this 
case, a correction was made to the affected rows (only a 
few at each end) before flat fielding. Since the count 
rate was always less than 2 counts/s/channel (and usually 
less than 1), saturation effects were negligible (Davies 
1981) , and no coincidence correction was necessary.
The arc spectra before and after each object were 
added, and each row was used to derive a wavelength 
calibration for the corresponding row of the galaxy
spectrum. About 30 lines were included, and a fifth-order
opolynomial was fitted to a tolerance of 0.15 A (about 8 km/s). 
The wavelength calibrations were checked using the A 5577.4 >o
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night sky line, and found to be accurate to within 15 kms“1. 
This compares well with the accuracy quoted by other IPCS 
observers (Davies 1981; Efstathiou, Ellis and Carter 1980).
The galaxy spectra were then rebinned to a log \ 
scale, with 28.6 km/s/log channel for the October 1980 data 
and 49.0 km/s/log channel for the May 1981 data. Within 
each two-dimensional spectrum, galaxy and sky rows were 
identified by plotting the array on a TV monitor, and sky 
subtraction of the whole array using the mean value of the 
sky rows was done in one step.
Several central rows containing galaxy spectra 
were then added together to form a composite spectrum of 
the central 10-15 arc seconds of each galaxy. This was 
done to increase the signal/noise ratio and improve the 
accuracy of the velocity measurement.
Each standard star was shifted to zero redshift 
(after correction for heliocentric velocity) and added to 
produce a composite stellar template (there were two 
templates, one for the October 1980 data and one for the 
May 1981 data). The zero-points of the templates were 
checked against each other and also against the PCA 
standard template to ensure uniformity of the zero point, 
and this was consistent to within 5 km/s.
The template and galaxy spectra were normalized 
and filtered with low and high frequency Fourier filters as 
described previously. The velocity of each galaxy was then
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determined by cross-correlation in the usual way. In order 
to obtain the best possible fit between template and galaxy 
spectra, a number of broadened templates were created by 
applying Gaussian filters of various widths (typically 
50-200 kms-1). The template which gave the best fit (i.e. 
the highest value of the normalized CCF) was used to 
determine the velocity shift. The difference in velocities 
over the full range of templates was typically 25 kms-1, 
but the template giving the best fit could be determined 
to within 10 kms-1 in general.
2.5 Radial velocities for the sample galaxies
Table 2.2 lists radial velocities for the 248 
galaxies in the sample, and includes both previously 
published values and those measured in the present study. 
The columns in Table 2.2 are:
(1) Object Name;
(2,3) RA and declination (in 1950.0 co-ordinates);
(4) Morphological type (from ESO/Uppsala lists)*;
(5) Radial velocity, Vo (km/s);
(6) Source of velocity:
IT 74" telescope, Carnegie image tube
IPCS 150" telescope, IPCS 
PCA 74" telescope, PCA
ARP Arp (1981)
B Bergvall et al. (1978)
D Davies (1981)
* Holmberg et al. 1974a, 1974b, 1975, 1977, 1978a 
1978b, 1980.
Table 2.2 Radial velocities (V ) for the sample galaxies.
References are as indicated in the text (pages 39 - 40).
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DDP Dawe, Dickens and Peterson (1977)
F Fairall (1979a, 1979b)
JJ Jones and Jones (1980)
M Martin (1976)
RC2 RCBG2 (de Vaucouleurs, de Vaucouleurs and
Corwin, 1976)
S Sandage (1978)
W West et al. (1981)
2.6 Estimate of errors
In order to estimate the accuracy of the radial
velocities measured in this observing program, a comparison
was made of velocities measured for the same galaxy using
two different instruments. Since there are three
independent sets of observations (IT, PCS, IPCS), it is
possible to estimate the typical standard error in each
set (o , a , a ) .IT PCA ' IPCS
The mean velocity difference is defined by
N... IT PCA 1 " ... IT TT PCA.<Vo - Vo >= — Z (Vo. - Vo. )N . . l l1=1
and the standard deviation about the mean by
N
(2 .6 .1)*
IT - PCA
1 „ /TT IT T7 PCA., IT . — PCA^t= Z (Vo. - VO . ) 2 -<Vo - VO >N . . l l1 =  1
(2 .6 .2)
in the usual way. Gaussian statistics are assumed, and
IT - PCA a 2 + G 2 IT PCA (2.6.3)
And similarly for the IT/IPCS and PCA/IPCS comparisons.
41 .
The error in the mean is given by a IT ~ PCA
/n
and the error in o _ pCA is derived from the error in the
variance a2 . This error is given byit - PCA ^ 1
/ 2  a2/tFI IT ' PCA
Galaxies with a velocity difference greater than 
2.5 ö were regarded as discordant results and 
removed from the analysis. Rood (1982) uses a 3g criterion, 
but his sample is very large, and a 2.5 cutoff seems more 
appropriate for the small samples used here. Five measure­
ments were rejected as discrepant (with velocity differences 
of 128-303 krns“1). It should be noted here that in several 
cases the reason for repeating a velocity measurement was 
that the first measurement was uncertain or of poor quality, 
so the presence of five discordant measurements out of 
total of fifty-six is not unreasonable. For this reason 
too, the final errors derived are likely to be an upper 
limit to the true errors.
The values of the mean and standard deviation for 
the three velocity comparisons are:
IT PCA<Vo - Vo >= -12.3 ± 12 km/s; a IT _ PCA = 51 •3 ± 10 km/s
(18 galaxies)
< VoIT - Vo IPCS> = -13.6 ± 13 km/s; a m T = 45.2 ± 10 km/sIT - IPCS
(13 galaxies)
< VoPCA - Vo IPCS> = +11.8 ± 9 km/s; a = 38.2 ± 7 km/sPCS - IPCS
(20 galaxies)
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From equation (2.6.3),
(2.6.4)
(2.6.5)
(2.6.6)
and solving these three equations simultaneously gives
cf*. = 40.1 (±11) km/s
CLPCA = 32.0 (±9) km/s
aIPCS = 20.8 (±6) km/s
as the typical rms errors for radial velocities measured with 
each instrument for absorption-line spectra.
results of other observers. The largest overlap of measurements 
is with RCBG2 (45 galaxies) and Sandage (1978) (35 galaxies).
However, these two lists are not completely independent since 
RCBG2 contains some (but not all) of the velocities measured by 
Sandage. Hence it is not possible to derive errors for each of 
the three data sets by the method used above. Instead, the 
observed velocities will be compared with each of the two 
published data sets (both of which quote errors for individual 
velocities) as a consistency check for the error estimates 
already derived.
It is also possible to make a comparison with the
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For the galaxies in common with Sandage (1978), 
<VoEMS - Vo> = -12.2 ± 14 km/s ,
aEMS - S  = 82.1110 km/s
and the average rms error quoted by Sandage for the 35 galaxies 
in common* is ±39.6 km/s. However, Sandage himself states that 
the quoted error should be multiplied by a factor ~ 2.5, while 
Rood (1982) finds a correction factor of 1.9 between the quoted 
and true errors. Adopting a weighted mean of 31.4 km/s for 
Gems ^ rom 9 IT, 15 PCA and 11 IPCS observations), then
G 2 + g 2 = 82.12 (2.6.7)EMS S
giving a = 75.9 ± 15, implying a correction factor of 1.92 ± .3 
for the errors quoted by Sandage, in excellent agreement with 
the value given by Rood.
For the galaxies in common with RCBG2,
-_ EMS TT RC2- t t r , - _ . ,<Vo -Vo > =-11.6 ±15 km/s,
GEMS - RC2 = 100.3 ± 11 km/s
and the average error quoted for the 45 galaxies in common is 
±60.0 km/s. Adopting a weighted mean of 32.0 km/s for GEMg 
(15 IT, 15 PCA and 15 IPCS observations),
G 2 EMS + Ö RC2 = 100.32 (2 .6 .8) ,
giving o = 95.1 ± 14 km/2. Rood (1982) quotes a correctioni\(-» Z.
* Almost all these galaxies have spectra of quality class G 
(good) as classified by Sandage.
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factor of 1.42 ± .04 for RCBG2 errors, while a value of 
1.59 ± .2 is necessary for consistency with the errors 
determined for the velocities in the present study. The RCBG2 
velocities are not as homogeneous as those measured by Sandage, 
since they are drawn from many different observers and 
telescopes; but it is clear that the quoted errors are in 
general underestimated, and the mean error of ±95 km/s necessary 
for consistency is in agreement with the value of ~ 100 km/s 
which Rood quotes as a typical error for classical optical 
redshifts.
All the velocities measured in the present study agreed 
with those of RCBG2 and Sandage (1978) to within ± 250 km/s, so 
that there were no discrepant velocities at the 2.5 o level. 
However the galaxy NGC 1947, for which the RCBG2 velocity is 
the mean of two discrepant observations*, was not included in 
the error calculations.
A similar error analysis was carried out for ten 
galaxies in common with Martin (1976), and for five galaxies in 
common with Dawe, Dickens and Peterson (1977). The rms error 
was found to be 110 ± 30 km/s for velocities measured by 
Martin (quoted error 70 km/s) and 125 ± 50 km/s for velocities 
measured by Dawe, Dickens and Peterson (quoted error 100 - 200 
km/s). There was no evidence for any zero-point shift in the 
velocity scale. For the remaining sources listed in section 2.5, 
there are too few galaxies in common to make a proper error
* The velocity of 540 km/s quoted by Page (1967) is incorrect.
45.
estimate, but for cross-correlation velocities (Davies 1981, 
Jones and Jones 1980) the errors are probably 30-40 km/s, 
and for the other velocities, from photographic spectra, the 
errors are probably 80-100 km/s.
2.7 Conclusion
Radial velocities have been measured for 181 
galaxies in the complete sample of E and SO galaxies south of 
declination -32° to a limiting magnitude of 14.0. By 
combining these results with published data, velocities are 
available for all 248 sample galaxies.
The typical rms errors in absorption-line radial 
velocities from various sources were found to be as follows:
IPCS (150" telescope) 21 km/s (± 6)
PCA (74" telescope) 32 km/s (± 9)
Image tube (74" telescope) 40 km/s (±11)
Sandage (1978) 76 km/s (±15)
RCBG2 95 km/s (±14)
Martin (1976) 110 km/s (±30:)
Dawe, Dickens and Peterson (1977) 125 km/s (±50:)
There is some evidence for a zero-point shift of about 
10 km/s between the velocities measured in the present study and 
those given by Sandage (1978) and RCBG2 (in the sense that the 
velocities measured here are lower). However, in the absence 
of more convincing proof, no zero-point correction has been
made.
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Radial velocities of the sample galaxies, with 
their source, are listed in Table 2.2, and the velocities of 
paired galaxies are discussed in more detail in Chapter g.
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3. UBV APERTURE PHOTOMETRY
3.1 The Observing Program
UBV aperture photometry of 169 galaxies was 
carried out during the period June 1980 - September 1981 
(on 22 nights or part-nights) using the 24" (0.6 m) and 
40" (1.0 m) telescopes at Siding Spring Observatory. The 
observing program was severely affected by poor weather 
throughout its duration, but by combining the data 
obtained with other published data, BV photometry is 
available for 228 galaxies (92% of the sample), and UBV 
photometry for 172 galaxies (69%). Sufficient overlap 
exists between the present observations and published data 
to allow a cross-check of the UBV zero-point and a 
comparison of errors to be made.
The main aim of this observing program was to 
obtain an accurate magnitude for each galaxy, and so 
measurement of galaxy colours and colour gradients was 
considered of secondary importance due to the limited time 
available and the large number of galaxies to be observed.
Observations with both telescopes were made 
using a single-channel photometer with an RCA 1P21 photo­
multiplier and SSR amplifier. The photomultiplier tube was 
cooled with dry ice to minimize the dark count (which was 
1-2 counts/second in practice), and the same tube was used 
for almost all the observations. Light enters the photo­
meter from the telescope via a standard Johnson offset 
guider, an aperture wheel containing eight circular 
apertures and a filter wheel containing a standard set of
48.
UBV Schott glass filters (1 mm UG2 for Ü, 1 mm BG12 +
2 mm GG13 for B and 2 mm GG14 for V). The same filter set 
and aperture wheel were used for all observations.
The diameter of each aperture in mm, as measured 
by Griersmith (1980a) and the apparent size of each 
aperture on the sky are shown in Table 3.1. The scale of the 
40" (1.0 m) telescope is 11.3"/mm at f/18, and that of the 
24" (0.6 m) telescope is 18.8"/mm.
Photon counting and data recording were controlled 
by a PDP-11/10 computer, using the Mt Stromlo GPS (General 
Purpose Scaler) system.
3.2 Observations of standard stars
Two or more standard stars were observed each 
hour throughout the photometry program to enable each 
night's observations to be transformed to the standard UBV 
system (Johnson and Morgan 1953). When time permitted, 
additional standards were observed during morning and 
evening twilight.
The standard stars used were taken from the lists 
of Menzies, Banfield and Laing (1980), and based on the E 
and F region standards of Cousins (1973). The stars were 
divided into red (late G, K stars) and blue (A, F stars) 
lists, and at least two stars, one from each list, were 
observed together. The standard stars observed with the 
24" (0.6 m) telescope had V magnitudes in the range 6.5 to 
7.5, while those observed with the 40" (1.0 m) telescope
Diameter
0.70 rim
111.6
156.2
Table 3.1 Diameters of aperture wheel #1, in millimeters and 
in arc seconds on the sky for the 40" (1.0 m) and 24" 
(0.6 m) telescopes.
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had V magnitudes in the range 7.5 to 8.5. In this range, 
the counting rate rarely exceeded 100 kHz, and so the 
coincidence correction was always small (< 0.01 mag.).
Each star was measured through an aperture of 
15-25 arc seconds (larger when the seeing was bad), with an 
integration time of 10 seconds. At least two sets of 
U, B, V integrations on the star, and at least one set of 
integrations on a star-free region of background sky were 
taken.
Extinction was not measured during each night's 
observing. Instead, the mean extinction coefficient of 
Griersmith (1980a), based on about 40 nights observation 
at Siding Spring during 1977/78, were used to correct all 
observations for extinction.
The coefficients are:
kv = 0.15 mag.
k = 0.13b - v - 0.03 (b - v) mag.
k , = 0.25u - b + 0.04 (b- v) mag.
and are in good agreement with the coefficients measured by 
other observers at Siding Spring (Griersmith 1980a).
Transformation equations between the instrumental 
ubv system and the standard UBV system of the form
V - Vo = ax + a2 (B - V)
(B - V) = bx + b2 (b - v)0
(U - B) = c1 + c2 (u - b)Q
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(Hardie 1962) were obtained for each night's observations, and
used to transform the galaxy data to the standard system.
3.3 Galaxy Observations
Where possible, each galaxy was observed through 
at least three apertures so that the total (asymptotic) 
magnitude B could be determined by fitting a curve ofi.
growth (de Vaucouleurs 1977) . The apertures were chosen to 
span a range from approximately 0.5 to 1.0 galaxy diameters
(D25 ) *
The integration time for each aperture was usually 
10 seconds for B and V and 20 seconds for U, though longer 
integrations were sometimes used for fainter galaxies at the 
24" (0.6 m) telescope (up to 30 seconds each for U, B and V).
A set of integrations VBU centred on the galaxy was followed 
by a set UBV on a star-free region of sky. The sky regions 
were selected at the telescope by slewing at least 15-20 arc 
minutes north or south of the galaxy and checking that no 
stars were visible in the aperture. A different sky region 
was used each time. The sequence of integrations was 
repeated until the total number of sky-subtracted counts 
for each filter was at least 10000 (usually 4-7 sets of 
integrations). This gave a statistical error of about 1.5%*.
* Let N _, N and N be the number of counts for (galaxy + G + S S G
sky), sky and galaxy respectively. Then
Ng = NG + s - NS ± /Nq + s + Ns , so that for a specified 
value of N g the statistical error is given by /Nq + 2NS 
and so depends on the ratio of sky counts to galaxy 
counts. For most of the galaxies observed, Ns ~ 0.5 NG, 
so that the statistical error in 10000 counts is 1.4%.
In practice, the total number of counts often exceeded 
10000 and in this case the percentage error was somewhat 
smaller. For standard stars, where the number of counts is 
large (>> 100000), the percentage error is of course much 
smaller (0.1 - 0.2%).
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On the 24" telescope, only B and V filters were 
used for the fainter galaxies when it was clear that measuring 
U would take an unreasonable length of time. During mid-1981, 
following an extended period of rain and humid weather, the 
mirror surfaces of both telescopes deteriorated due to dust 
and moisture, and the light reaching the photometer was 
reduced by about 30% in the blue, so that U measurements became 
even more difficult and in many cases were abandoned due to 
lack of time.
Usually, U, B and V were measured through one 
aperture, and V alone through a further two apertures. This 
too was done to save time since, as mentioned previously, it 
was considered more important to obtain magnitudes for as 
many galaxies as possible than to obtain detailed colour 
observations. In each case, the galaxy was centred in the 
aperture by eye, and this posed few problems except for one 
or two low surface - brightness galaxies observed with the 
24" (0.6 m) telescope.
During each observing run, several stars were 
observed through a series of apertures in order to check 
whether there was any zero-point difference due to scattering 
of light out of the smaller apertures. The difference in V 
magnitude was always less than 0.01 mag., and so no 
corrections were made. The spatial response of the photometer 
was tested by moving a star slowly across the largest aperture 
used and monitoring the count rate. This tests the uniformity 
of the photometer response across the aperture, and since the 
response was uniform to within 0.02 mag., no correction was
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applied to the photometry of extended objects (galaxies).
Table 3.2 lists UBV aperture photometry for all the
galaxies observed. Column (1) gives the galaxy name, columns
(2) and (3) the position in 1950.0 co-ordinates, column (4)
the Hubble type, column (5) the aperture (in arc seconds),
columns (6), (7) and (8) V, B-V and U-B respectively and
column (9) the telescope used (40" or 24").
Apertures free of contaminating field stars were
used whenever possible, and the notes to Table 3.2 indicate 
the apertures in which field stars were included. Where 
possible, the magnitude and colours of the contaminating 
stars were measured, and a correction was later applied to 
the galaxy data (no such corrections have, however, been 
applied to the data of Table 3.2).
A colon (:) in Table 3.2 indicates data of 
uncertain quality. These observations would have been 
repeated had time been available, and the reason for 
uncertainty was one or more of the following: an incomplete
night's observations, usually stopped by cloud, when fewer than 
eight standard stars were observed; observations made at 
large airmass (X > 1.5); a larger than usual (2-5%) spread 
in galaxy counts due to the presence of light cloud, a shift 
in atmospheric transparency or (occasionally) difficulty 
centring the galaxy in the aperture; the presence of one or 
more contaminating stars for which no UBV photometry was 
available.
One galaxy in Table 3.2 (013 - G12, two apertures) 
was observed by K.C. Freeman, and one (IC 4931, 23.5" aperture) 
by D. Griersmith.
Table 3.2 UBV aperture photometry for galaxies in the
sample (see page 52).
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3.4 Estimate of errors in aperture photometry
Several sources contribute to the errors in UBV 
aperture photometry, the most significant being statistical 
(photon-counting) errors, centring errors, spatial and 
temporal variations in sky brightness and errors in the night- 
by-night transformation equations.
As discussed in the previous section, the statistical 
error is usually between 1% and 1.5%, corresponding to a 
maximum error of about 0.015 mag. in the magnitude and 0.020 
mag. in the colours. The centring errors for most of the 
galaxies observed are small by comparison.
The rms scatter in the transformations was small 
(0.006 mag. in V, 0.008 mag. in B-V and 0.012 mag. in U-B), 
and in general the transformations remained the same through­
out the course of a night, indicating that temporal variations 
of transparency were small. On three nights, shifts of up to 
0.05 mag. in V occurred over a short period of time towards 
the end of the night, and separate transformation equations 
were then derived for objects observed before and after the 
shift. Since the standard stars were always chosen to be 
close to the galaxies observed, spatial variations in 
transparency are unlikely to be significant. Thus the 
transformations for standard stars are on the UBV system to 
within 0.010 mag. in V and B-V and 0.015 mag. in U-B.
For galaxies observed on more than one night (28 
galaxies in all), the rms error was 0.019 mag. in B-V and
54.
0.024 mag. in U-B after correcting for aperture effects (these 
corrections are small, and are described in section 3.6).
V magnitudes were not compared directly, since they vary 
rapidly with aperture, but the fits to galaxy curves of 
growth (discussed in section 3.5) were consistent with a mean 
error of less than 0.02 mag. in V. Since some galaxies were 
observed a second time because the original observation was of 
poor quality, the real external errors may be slightly 
overestimated.
Comparison with aperture photometry published by 
other observers (Sandage 1975, Wegner 1978, Persson, Frogel 
and Aaronson 1978, Griersmith 1980a) gives an rms difference 
of 0.025 mag. in B-V and 0.052 mag. in U-B (note that this 
includes the errors from both data sets). Again, fits of 
the V magnitudes to curves of growth agree to within 0.02 
mag.
The mean error in the observations in Table 3.2 is 
therefore estimated to be 0.02 mag. in V and B-V and 0.04 
mag. in U-B, with the data marked by colons (:) having slightly 
larger errors.
3.5 Measurement of asymptotic magnitude BT
In order to compare the magnitudes of galaxies, it 
is necessary to convert the individual magnitudes obtained 
from aperture photometry to a standard total magnitude, since 
the observed magnitude varies with aperture in a way which 
depends both on the apparent diameter of the galaxy and on 
the variation of surface brightness with radius. A standard
5 5 .
asymptotic magnitude BT (de Vaucouleurs 1977, de Vaucouleurs, 
de Vaucouleurs and Corwin 1976; RCBG2) was therefore 
calculated for each of the sample galaxies.
For each galaxy, the aperture photometry of 
Table 3.2 (where available) was combined with other published 
aperture photometry (Shobbrook 1966, Sandage 1975, Sandage and 
Visvanathan 1978, Wegner 1978, Persson, Frogel and Aaronson 
1978, Bergvall et al. 1978, Griersmith 1980a, West et al.
1981) so that as many apertures as possible were used to 
derive each value of BT . Since there was no evidence for 
any systematic shift between the data of Table 3.2 and 
published data, no corrections were applied to any of the 
aperture photometry in calculating Bt .
For each aperture, a B magnitude was calculated by 
adding the B-V colour from that aperture (or the closest 
aperture for which a colour was available) to the V magnitude. 
A plot of B(A) versus log aperture diameter A was then made 
for each galaxy (where A is in units of 0.1 arc minutes as 
specified in RCBG2).
Transparent overlays of the standard galaxy 
luminosity curves (curves of growth) given by de Vaucouleurs 
(1977) were prepared. Each of these standard curves is based 
on photographic surface photometry of a number of galaxies of 
the same morphological type, and the five curves used in the 
present study were as follows:
56.
T = -5 elliptical galaxies
T = -4 elliptical galaxies with extended 
haloes, cD galaxies
T = -3 early SO galaxies
T = -2 intermediate SO galaxies
T = -1 late SO galaxies
(For a definition of the T index of galaxy type, see RCBG2).
A detailed account of the method of converting UBV 
aperture photometry of galaxies to standard magnitudes and 
colours is given by de Vaucouleurs (1977) , de Vaucouleurs 
and Corwin (1977) and in RCBG2, and only an outline will be 
given here. The quantities to be derived are the asymptotic 
magnitude B T , which is the magnitude defined by the total 
luminosity of the galaxy integrated out to infinite radius 
(zero surface brightness), and the effective diameter Ae, 
the diameter of the circular aperture which, centred on the 
centre of the galaxy, contains exactly half the total light 
of the galaxy (in B).
Each standard curve is a plot of Am (= BT - B(A)) 
versus £ (= log A/Aq) , and an overlay with appropriate T value
was fitted to the data for each galaxy by sliding in both 
directions. When the galaxy was listed in RCBG2, the listed 
value of T was used, otherwise T was taken from the overlay 
which best fitted the data. When the best fit (by eye) had 
been obtained, the values of B(A) corresponding to Am = 0, 
and of log A corresponding to | = 0 were recorded; these 
are equal to B and log A for the galaxy.
57.
Figure 3.1 shows the fit of the standard curve 
T = -5 to aperture photometry of NGC 6987, a typical 
elliptical galaxy. The sliding fit gives a value of BT 
accurate to ± 0.05 mag. standard error, which is typical of 
most of the galaxies observed and also in agreement with the 
error of 0.13//n mag. for n apertures quoted by de Vaucouleurs 
and Corwin (1977). The relative error in log A e is somewhat 
larger since, as the gradient of the curve approaches 
horizontal, a small change in Am produces a much larger change 
in log A The errors in log A e were not estimated for each 
individual galaxy, but are generally ± 0.05.
When only a single aperture was measured (as was 
the case for nine of the sample galaxies), a value of log A0 
was calculated using the approximation
log A0 = log D25 - 0.38*
(RCBG2) after calculating D25 from D ES0, the major diameter 
of the galaxy measured by Holmberg et al. (1974a, 1974b,
1975, 1977, 1978a, 1978b, 1980) using the relationship.
log D25 = 0.83 log Desq + 0.20
(Griersmith 1981, private communication; see Chapter 1).
A value of Bt for these galaxies was then obtained by fitting 
the standard curve in one direction only. In this case, the 
error in Bt is estimated as ± 0.2 mag.
* The units of A , D oc and D are 0.1 arc minutes fore 25 eso
consistency with RCBG2.
Figure 3.1 The fit of a standard curve of growth (T = -5) to 
aperture photometry of the elliptical galaxy NGC 6987, as 
described in the text.
LO
G 
A
21
< CD
CD
CD CD
CXI
i_n
1_n
CD
CD
CD
<C
CQ
O
l n
'— I
LH
CD
I
CD
I
CD
NX
CD
cr
+0
.5
 
c 
+i.
o
58.
Where no aperture photometry was available (20 
galaxies, mainly at low galactic latitude), an estimate of 
B was made from the ESO(B) sky survey films by comparison 
with nearby galaxies with known values of B T . For four 
galaxies in the Fornax cluster (IC 1919, 358-G06, NGC 1428, 
358-G59), B was obtained from the blue magnitudes of Jones 
and Jones (1980) by applying the correction
B = M^J - 0.46 (± 0.07)T B
obtained from 13 sample galaxies having both B and M GJ. In 
cases where aperture photometry is unavailable, the error in Bt 
may be as large as ± 0.5 mag., but is probably ± 0.3 mag. in 
general.
For two galaxies (NGC 3557B, BT = 13.2 ± 0.1 and 
NGC 5128, B = 7.96 ± 0.10), values of BT and their errors 
were taken directly from RCBG2.
Values of B , log Ag and the number of apertures, n, 
are included in Table 3.3 (columns 5, 11 and 12).
Figure 3.2 shows a plot of b BCBG2 versus B BMS for
galaxies common to both catalogues. Since almost all the
aperture photometry used in the present study was obtained
later than 1976, the two sets of values of BT are based on
essentially independent photometry. There is no significant
zero-point shift between the two sets (<BEMS - b RCBG2> =T T
-0.005 ± 0.026 mag.), and the rms difference is 0.180 ± 0.03
RCBC 2mag. The mean error quoted for B is ± 0.10 mag.,
Figure 3.2 Comparison of Bt measured in the present study 
with values from RCBG2 for the galaxies .in common. The two 
lines show least - squares linear regressions in both directions, 
and a typical error bar is also indicated.
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indicating a mean error of ± 0.15 mag. for Bt . Figure 3.2 
also shows the linear least-squares regression in ,;both 
directions and mean error bars.
3.6 Measurement of aperture-corrected galaxy colours 
(B-V)e and (U-B)e
Since most early-type galaxies show a colour gradient 
(Strom and Strom 1978 and references therein), the observed 
B-V and U-B colours may vary with aperture for any given 
galaxy. For early-type galaxies (E and SO), the integrated 
light is generally redder in the centre and bluer towards the 
outer parts of the galaxy (Strom and Strom 1978), probably due 
to a variation in chemical abundance (Spinrad, Smith and 
Taylor 1972, Strom et al. 1976).
The B-V and U-B colours available from aperture
photometry have therefore been corrected for aperture effect
using the relationship given by de Vaucouleurs and Corwin
(1977). Curves of £ (= log A/A ) versus A (B-V) ande
A (U-B) were used to convert each observed colour (B-V)A 
(U-B)a to the value (B-V)e , (U-B)e it would have if observed 
through a circular aperture with diameter equal to the 
effective diameter, A e (i.e. at £ =0). The effective 
aperture colours were calculated rather than the total 
(asymptotic) galaxy colours (B-V)T , (U-B)T also defined 
by de Vaucouleurs and Corwin (1977) because the apertures 
used were generally close to Ae; and so only small corrections 
(typically < 0.01 mag. in B-V and < 0.03 mag. in U-B) were
necessary.
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The average difference between effective
and total colours is given by
<B-V)e - (B-V)t = r .011 , T = -5
.015 -3
*
.018 -2
.021 -1
})e - (U-B)t = 0. 043 T = -5 to -1
(RCBG2).
For galaxies with colours measured through a single 
aperture only, the aperture-corrected colours (B-V)e , (U-B)e 
are given in Table 3.3 (columns 6 and 7). Where the galaxy 
colour was measured in more than one aperture, the mean value 
of the corrected colours is given.
2Figure 3.3 shows plots of (B-V)e versus
(B-V)BMS and (U-B)BCBG2 versus (U-B)BMS for galaxies in common. 
Colours measured in the present study are shown by filled 
circles, those taken from published aperture photometry by 
open circles. Again, there is no significant zero-point 
shift (<(B-v)fS - (B-V)eCSG2 = + 0.001 ± 0.006 mag.,
C (U-B)iMS - (U-B) RCBG2 0.000 ± 0.010 mag.), and the rms
difference is 0.036 ± 0.01 mag. in (B-V)e and 0.062 ± 0.01 mag. 
in (U-B)e . The mean quoted errors for (B-V)BCBG2 and (U-B)BCBG2 
are ± 0.031 mag. and ± 0.044 mag. respectively, indicating mean 
errors of ± 0.02 mag. and ± 0.04 mag. in (B-V)BMS and (U-B)BMS. 
The 45° line and mean error bars are also shown in each plot.
Figure 3.3 Comparison of effective aperture colours (B - V) 
and (U - B)e for galaxies in cannon with RCBG2. Filled circles 
represent values form the aperture phctotmetry in table 3.2, while 
open circles are values from other observers (see text). The 45° 
line and typical error bars are shown.
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3.7 Fully corrected colours and magnitudes for the sample 
galaxies
For each galaxy in the sample, the galactic 
extinction in B, Aß, was calculated in order to correct 
the observed galaxy magnitudes to their extinction-free values.
A b was calculated according to the formula
a b 0.19 (1 + SN cos b) |c
■
0.21 (1 + Ss cos b) |C
for galactic co-ordinates (7, b ), where,
S n ( 7 ) —
ss (7) =
and C = cosec (b + 
as given in RCBG2, 
poles is about 0.2
0.1948 cos 7 + 0.0725 sin 7 
+0.1168 cos 27 - 0.0921 sin 21
+0.1147 cos 31 + 0.0784 sin 31
+0.0479 cos 47 + 0.0847 sin 47
0.2090 cos 7 - 0.0133 sin 7 
+0.1719 cos 21 - 0.0214 sin 21
-0.1071 cos 31 - 0.0014 sin 37
+0.0681 cos 47 + 0.0519 sin 47
0.25° - 1.7° sin 7 - 1.0° cos 37)
so that the extinction at the galactic 
mag. in B.
The determination of galactic extinction has been 
the subject of much debate (RCBG2 and Sandage and Visvanathan 
1978 both contain discussions of the problem). The model of 
galactic absorption proposed in RCBG2, and adopted here, is
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based on a combination of galaxy counts, bright galaxy colours 
and optical to radio emission ratios, and allows for the 
dependence of A B on galactic longitude as well as galactic 
latitude. The model proposed by Sandage (Sandage 1973,
Sandage and Visvanathan 1978) has absorption-free 'windows' 
in the region of the galactic poles (A = 0.0 for \b\ > 50°), 
and is independent of galactic longitude. Since there is 
evidence that galactic extinction is patchy at all latitudes 
(Burstein and Heiles 1982) , the true galactic absorption for 
individual galaxies may vary slightly from that predicted by 
the formulae quoted above, but the difference is unlikely to 
be more than 0.1 - 0.2 mag. in AB. For galaxies below about 
± 15° galactic latitude (AB > 1.0 mag.), the calculated 
values of A B must be regarded as tentative only (RCBG2).
The extinction-corrected colours were plotted 
against galactic latitude for the sample galaxies, and since 
there was no correlation between the two quantities, it is 
unlikely that any significant errors have been introduced by 
the choice of absorption model. Griersmith (1980b) points 
out that the difference between galaxy colours reduced using 
models with and without reddening at the poles is negligible, 
however there will be an overall shift of 0.2 - 0.3 mag. in 
b £ depending on the model used.
The galaxy colours and magnitudes were corrected for 
galactic absorption and redshift effects (k-correction) and 
converted to their face-on values (inclination correction) 
using the precepts of RCBG2.
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Then
= Bt - A b - a(T). log R 25 - kß .V 
(B-V)° = (B-V)e - E(B-V) - kB_v .V 
(U-B)° = (U-B)e - X.E(B-V) - ku-B. V
where
1^ = 1.50 x 10"5
kB-V = 9*50 x 10"6
V b = "5*50 x 1 0 ~ 6
a (T) =
E(B-V)
0 , T < -4
0.2 (T + 4) , -3 < T < -1
AB + a (T) . log R25 
1 + R
3.1 + 0.3 (B-V) 
1 - 0.02 A b
and
X 0.72 (B-V)0 — 0.60
(B-V) + 0 . 1 2  , (B-V) > 0.60O u —
(RCBG2) , where V (= CZ) is the heliocentric radial velocity. 
The axial ratio R 25 is assumed equal to R ES0 (= d e s o /^esO' 
the ratio of major and minor diameters).
Table 3.3 gives the final results of the photometry 
program, arranged as follows:
64.
(1) Object name
(2,3) RA and declination (in 1950.0 co-ordinates)
(4) Morphological type
(5) B ip
(6) (B-V)e
(7) (U-B)e
(8) B°
(9) <B-V)°
(10) (U-B)°
(11) log Ae
(12) n (Number of apertures used to derive B>r) .
Table 3.4 contains supplementary information used 
in calculating extinction-corrected colours and magnitudes. 
The columns are:
(1-4) Name, etc. as for Table 3.3
(5,6) Galactic longitude and latitude, (l , b )
(7) Galactic absorption in B, AB (mag.)
(8) T index of morphological type
(9) Axial ratio log R25
(10) Heliocentric Velocity
The mean errors for the colours and magnitudes 
derived are ± 0.15 mag. in BT, ± 0.08 in log A e,
± 0.02 mag. in (B-V)e and ± 0.04 mag. in (U-B)e .
Table 3.3 Folly - corrected magnitudes and colours
for the galaxies in the sample (see page 64).
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Table 3.4 Miscellaneous information used in calculating 
corrections (see page 64).extinction
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4. RADIO CONTINUUM OBSERVATIONS AT 2700 MHz (11 CM) AND 
5000 MHz (6 CM)
4.1 Introduction
The earliest radio observations detected a number 
of large, powerful double-lobed radio sources associated 
with elliptical galaxies; but as later surveys were 
extended to lower flux densities it became clear that many 
more galaxies contained weaker and less extended sources. 
Recently, therefore, several radio surveys of optically- 
selected "normal" galaxies have been carried out in order 
to investigate the relationship between their radio and 
optical properties. Since the sources detected are 
generally closer than the powerful but much rarer "classical" 
radio galaxies, it is possible to obtain detailed optical 
information on each galaxy and to construct the radio and 
optical luminosity functions for galaxies of various types.
Table 4.1 lists recent radio continuum surveys of 
"normal" galaxies. Most of the samples chosen were intended 
to be complete in a magnitude-limited sense in some area of 
the sky, although others (e.g. Heeschen 1970) were more 
heterogeneously selected. It was found from these studies 
that radio emission from galaxies is of two types, "compact" 
flat-spectrum sources which are confined to the nucleus and 
"extended" sources, with a steeper spectral index and 
dimensions which approach or exceed those of the optical 
galaxy. The two types of emission are not necessarily 
exclusive, since many galaxies with extended emission are
Reference Freq. No. Type Detection
( MHz ) obs. limit ( mJy )
Cameron and Glanfield (1968) 408 143 All 400
Cameron (1971) 408 264 All -150
Fanti et al. (1973) J 408 
l 1415
350 All 200
-100
Heeschen and Wade (1964) / 750 
\ 1400
515 All 500
300
Pfleiderer (1977) 1400 1194 All -100
Bieging and Biermann (1977) 1410 31 SO -10
Hummel (1980 a) 1415 450 All 10
Dressel and Condon (1968) 2380 2018 All 15
Rogstad and Ekers (1969) 2640 191 E/S0 -60
Heeschen (1970) 2700 114 E/S0 50
Wright (1974a) f 2700 
\ 5000
240 All -50
Whiteoak (1970) 5000 81 All -30
Ekers and Ekers (1973) 5000 191 E/S0 50
Sramek (1975) 5000 1135 All -30
Disney and Wall (1977) 5000 181 E/S0 12
Present survey I 2700 
\ 5000
248 E/S0 -30
Table 4.1 Radio continuum surveys of 'normal' galaxies.
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now known to contain a compact nuclear source also (Ekers 
and Ekers 1973, Jenkins 1982). The frequency chosen for 
a radio survey influences the type of source detected, 
since flat-spectrum sources are more easily seen at higher 
frequencies and steep-spectrum sources at lower frequencies. 
Because of the interest in flat-spectrum compact sources 
(often found in "active" galactic nuclei), and because of 
the increased resolution and sensitivity available, most 
recent continuum surveys have been carried out at 
frequencies above 2600 MHz.
The present radio continuum survey uses the 
sample of 248 E and SO galaxies described in previous 
chapters. The advantage of this sample over several 
previous surveys is that redshifts have been measured for 
all galaxies and the optical completeness of the sample is 
known (see Chapter 5). The aims of the present survey 
were as follows:
(1) To investigate the radio continuum properties 
of a large, complete sample of E and SO 
galaxies.
(2) To compare the radio properties of paired 
galaxies in the sample with those of the 
sample as a whole, to see whether radio 
sources are preferentially situated in 
interacting ellipticals (as has been found 
in the case of spiral galaxies by
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Hummel (1981b) and others), and if so, 
whether this depends on the type of 
companion galaxy.
(3) To investigate in a more general way the 
relationship between the environment of 
an elliptical or SO galaxy and its radio 
and optical properties.
4.2 11 cm observations
Observations of all the survey galaxies were 
carried out at Parkes during August 1979 and February 1980, 
using a dual channel parametric receiver. The centre 
frequency was 2700 MHz, the bandwidth 200 MHz and the system 
temperature about 80 K. A dual rotatable feed was used, 
each beam being a circular Gaussian with half-power beam 
width 8.0 arc minutes. The separation between beams was 
18.0 arc minutes, and the offset beam could be rotated to 
any desired position angle. The receiver gain was 
monitored by switching to a noise calibration signal 
between observations of each galaxy.
Each observation consisted of a series of scans 
in right ascension and declination through the optical 
position of the galaxy. For the scans in declination the 
drive rate while scanning was 1° per minute, and the 
sampling interval 0.5 arc minutes. The feed angle was 
adjusted to maintain the position angle of the offset beam 
at 0° so that both beams in turn scanned across the galaxy.
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In the case of a detection, a double peak is thus seen in 
the scan profile, and this enables a more accurate 
measurement of position to be made in the case of faint 
sources where the signal/noise ratio is low.
When tracking in right ascension, the drive rate 
was set according to declination as shown below and the 
feed angle was set to give a position angle of 90°.
Dec. Rate Interval
-30° to -55° 1*2°/min 3s
-56° to -65° 20 /min 4s
-66° to -68° 2^°/min 5s
oi—ir"I0-PoG\1 2%°/min 6s
(maximum)
During the August run the sample interval was set as shown 
above, but for the February run it was set by the computer 
to a value of 2sec 6 seconds so that the sampling interval 
was constant at 0.5 arc minutes. Both the current and 
average profiles could be displayed during scanning, and 
any unacceptable scans (for example, those with noise spikes 
or solar interference) were deleted without being included 
in the average. Output from the computer at the end of 
each series of scans (usually 10 acceptable scans) was in 
the form of a table and a plot of the average intensity at 
each sampled point in RA or declination. Very little 
on-line reduction was done, except that where appropriate
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the baseline gradient of the average profile was removed by 
the computer. All further data reduction was done by hand.
Standard pointing sources (usually quasars) were 
observed at regular intervals in order to check the 
telescope pointing and determine any necessary corrections 
to the final source positions. Since the telescope computer 
applied a pointing correction, these errors were never more 
than 0.5 arc minutes.
4.3 6cm observations
The 6cm observations were made during May 1980, 
and scans in right ascension and declination were carried 
out in the same way as for the 11cm survey. The receiver 
was a cooled parametric amplifier with centre frequency 
5000 MHz, bandwidth 400 MHz and system temperature about 
55 K. The beam width was 4.3 arc minutes, and the separation 
between the beams 10.1 arc minutes. The sample interval in 
both right ascension and declination was 0.25 arc minutes, 
and the telescope drive rates approximately half the 
corresponding rates for the 11cm observations.
All the sources detected in the 11cm survey were 
re-observed at 6cm, together with a number of sources in 
which confusion at 11cm made it unclear whether or not 
the galaxy had been detected, or for which the upper limit 
of the 11cm flux density was greater than 35 mJy. A total 
of 60 galaxies was observed, 19 of these being observed
twice.
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4.4 Measurement of position for detected sources
In order to measure the right ascension and 
declination of the detected sources, a series of overlays 
was prepared by tracing the scan profiles of Hydra A (a 
source which is essentially free of noise) onto transparent 
paper. One template was prepared for right ascension 
scans and another for declination scans. These overlays 
were then fitted by eye to the (noisy) galaxy profiles, 
and the position of best fit, with an estimate of error, 
recorded. Even for the faintest sources, it was possible 
by this method to measure a position to within 0.5 arc 
minutes at 11cm and to within 0.3 arc minutes at 6cm.
In the case of the right ascension scans from 
August 1979, where the horizontal scale of the plots 
varied, and so the template method could not be used, a 
vertical line drawn through the centre of each of the two 
peaks of the profile was used to define a position, and 
the mean of the two was taken to be the source position. 
(The separation of the two beams was 18.0 arc minutes).
This method was somewhat less accurate than the template 
method.
Corrections for telescope pointing as a function 
of time were obtained by comparing the measured and 
catalogued positions of the calibration sources. The 
calibration sources were usually at about the same 
declination and hour angle as the survey sources observed 
with them, so in each case the position correction was
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taken from the calibrator observed closest in time to the 
galaxy. The corrections varied considerably when the 
telescope crossed the meridian, but otherwise were found 
to vary only slowly over a timescale of several hours.
The optical position of each galaxy associated 
with or possibly associated with a detected source was 
re-measured from the ESO (B) sky survey films using computer­
generated overlays. These new positions are accurate to 
better than 1.0 arc minute, and in most cases agreed well 
with the original positions from the ESO/Uppsala lists.
The revised optical positions for the detected galaxies 
are given in Table 4.4.
4.5 Measurement of flux density
The peak flux density of each source was obtained
by measuring the peak height of a Gaussian fitted to the 
*source profile . The intensity thus obtained was 
converted to a flux density in Jy by comparison with the 
peak height of the scans of Hydra A (PKS 0915-11) which 
was assumed to be a point radio source of flux density 24.0 
Jy at 11cm and 13.5 Jy at 6cm.
A further correction must now be made in cases 
where the position to which the telescope was set for 
scanning observations was different from the true radio 
position of the source. For example, if the telescope is 
scanning in right ascension and the declination set is
* The fit was done by hand, using a set of transparent 
overlays corresponding to each beam.
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slightly different from the true declination of the source, 
then the peak intensity measured will be reduced from its 
current value by a factor exp (-x2/2a2), where x is the 
displacement of the telescope from the true position 
(x is the displacement in declination when scanning in RA 
and vice versa).
Since the telescope beam is a Gaussian with width 
at half-intensity equal to 8.0 arc minutes at 11cm and 4.3 
arc minutes at 6cm, it may easily be shown that o = 3.397 
at 11cm and o = 1.826 at 6cm. Tables 4.2 and 4.3 show the 
correction factors by which the peak flux density must be 
multiplied.
In the case of the 6cm fluxes, a further correction 
must be applied to allow for the fact that both the gain and 
focus of the receiver vary with telescope zenith angle.
During the 6cm observations, the telescope focus was 
adjusted as necessary, while a correction factor given by 
the graph of figure 4.1 was applied to remove the gain 
variation. Since the zenith angle during observations 
did not exceed 50°, this correction was no more than 5%, and 
usually 1-2%.
The percentage error of the corrected peak flux 
densities was found to lie in the range 2%-15%, depending 
on the signal/noise ratio of the original profiles, while 
the lowest flux density which could be reliably measured 
was about 30 mJy at 11cm and 15 mJy at 6cm.
Figure 4.1
(a) Attenuation of the 5000 MHz (6 cm ) beam as a 
function of zenith angle.
(b) Zenith angle correction applied to measured
5000 MHz flux densities.
F lu x(Z .'A )
F lux 3 0 °
1.0 -
.9  -
.8 -
Co r r e c t i o n
Fa c t o r
1.10 -
1.00 -
.90 -
Displacement Correction Displacement Correction
( arc min.) factor ( arc min.) factor
0.0 1.00
0.2 1.00 3.2 1.56
0.4 1.01 3.4 1.65
0.6 1.02 3.6 1.75
0.8 1.03 3.8 1.87
1.0 1.04 4.0 2.00
1.2 1.06 4.2 2.15
1.4 1.09 4.4 2.31
1.6 1.12 4.6 2.50
1.8 1.15 4.8 2.71
2.0 1.19 5.0 2.95
2.2 1.23 5.2 3.23
2.4 1.23 5.4 3.54
2.6 1.34 5.6 3.89
2.8 1.40 5.8 4.29
3.0 1.48
Table 4.2 Position corrections to flux density ( 11 cm
Displacement Correction Displacement Correction
( arc min.) factor ( arc min.) factor
0.0 1.00 1.5 1.40
0.1 1.00 1.6 1.47
0.2 1.01 1.7 1.54
0.3 1.01 1.8 1.63
0.4 1.02 1.9 1.72
0.5 1.04
0.6 1.06 2.0 1.82
0.7 1.08 2.1 1.94
0.8 1.10 2.2 2.07
0.9 1.13 2.3 2.21
1.0 1.16 2.4 2.37
2.5 2.55
1.1 1.20 2.6 2.76
1.2 1.24 2.7 2.98
1.3 1.29 2.8 3.24
1.4 1.34 2.9 3.53
Table 4.3 Position corrections to flux density ( 6 cm ).
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For the undetected galaxies at 11cm, an upper 
limit of flux density was estimated from the scan profiles, 
and this was usually in the range 15-25 mJy, depending on 
confusion and receiver noise.
4.6 Integrated flux densities for resolved sources
A source was considered to have been resolved by 
the 5000 MHz (6cm) beam when the measured half-power beam 
width was 4.5 arc minutes or more (the half-power width of 
the unbroadened beam is 4.3 arc minutes). This was the 
case for ten of the sources observed, with widths ranging 
from 4.5 to 5.5 arc minutes.
An estimate of the half-width of each source was 
obtained from the relation
(HW )source (HW . )observed - (HWbeam (4.6.1)
In the absence of noise, a source extended by more than about 
1.3 arc minutes will produce observable broadening in the 6cm 
beam, but in the case of weaker sources, noise and confusion 
may also broaden the beam, making it difficult to determine 
reliably whether a source is resolved.
For the resolved sources, the corrected peak flux 
densities were converted to integrated flux densities using 
the formula
S . = S , (1 + HW2 /HW2 )* int peak source beam (4.6.2)
4.7 The background density of sources at 2700 MHz
A total of 248 fields* was observed in the 2700 
MHz survey, and sources with flux density 25 mJy or greater 
were detected in 50 of these fields. Before discussing the 
results in detail, it is necessary to determine how many of 
these sources are physically associated with the survey 
galaxies, and this must be done on the basis of the radio 
and optical positions. Given a measured radio source 
(ar, r^^  an<^  an °Pt:i-cal galaxy position (aQ, 6 ) , the 
difference in position between the two (Aa, A6) is defined 
by Aa = a - a , A6 = 6 - 6 . The errors in A6 and A6
are typically ± 0.5 arc minutes for positions measured at 
2700 MHz (11cm) and ± 0.2 arc minutes for positions 
measured at 5000 MHz (6cm), though the accuracy is somewhat 
less for very weak sources. Figure 4.2 shows the 
distribution of Aa and A6 at 11cm and at 6cm.
Wall, Shimmins and Merkelijn (1971) give
N = 104 S-1*4 steradian-1 (4.7.1)
as the number density of sources with flux density greater 
than or equal to S Jy at 2700 MHz (1 steradian = 3282.8 
square degrees = 1.18 x 107 arc minutes). This relation 
was found experimentally from the Parkes 2700 MHz survey 
and deeper surveys in a few selected areas (Wall, Shimmins 
and Merkelijn 1971 and references therein) for values of S
* Plus a further four fields containing non-survey galaxies 
which were of interest. One of these galaxies (IC 5063) 
was also detected.
Figure 4.2
(a) Distribution of Aa, A6 for detected sources at 
2700 MHz (11 cm).
(b) Distribution of Aa, A6 at 5000 MHz (6 an).
(arcmin)
(arcmin)
+4 Ao<. 
(arcmin)
-4 -2 0 +2 +4 A 6
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in the range 0.1 to 0.3 Jy. Assuming it also holds for 
the range 0.025 to 0.1 Jy (which seems reasonable since 
the index in equation 4.7.1 varies by no more than 0.1 in 
the range from 0.1 to 2.0 Jy), we can obtain values of 
the cumulative number density N(S) as a function of S.
S (mJy) (arc min 2)
1.54 x 101.82 x 10
1.41 x 10 1.19 x 10
9.63 x 101.14 x 10
7.98 x 109.63 x 10
5.84 x 106.89 x 10
Each field scanned is centred on the optical position of the 
galaxy centre, and the total area of sky in which a source 
may be detected during scanning depends on the flux density 
of the source, due to attenuation effects towards the edge 
of the telescope beam.
S (mJy) 
25 
30 
35 
40 
50
A (arc min2) 
4
16
31
44
64
Aa, A 6 (arc min) 
1.0 
2.0 
2.8 
3.3 
4.0
(A = area scanned, Aa, A6 = displacement of the 
source from the optical centre of the galaxy (in 
R.A. or dec.))
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For example, a 30 mJy source will be detected if it lies 
within a square 2.0 arc min by 2.0 arc min centred on the 
optical centre of the galaxy, while a 50 mJy source will 
be detected if it lies within a similar square of sky 4.0 
arc min by 4.0 arc min. The following calculation 
considers the expected number of background sources at a 
given distance from a set position (i.e. the optical 
centre of a galaxy).
Case 1 - Sources within 1.0 arc min of galaxy centre
How many background sources fulfil the criteria
pS >_ 25 mJy and (Aa2 + A62) 2 £ 1.0? These sources lie within
a circle of radius 1.0 arc min and area tt arc min2 on the sky.
Thus for the 248 fields scanned, the total area under
consideration is given by
A = 248 it
= 779 arc min2
Now N (25 mJy) = 1.54 x 10“3 arc min-2 is the number density 
of background sources stronger than 25 mJy. Hence the 
expected number of background sources in the 248 fields is
N . = 779 x 1.54 x 10“3back
=  1.2
while the number of detected galaxies with S £ 25 mJy and
"k(Aa2 + A62) 2 <_ 1.0 is found to be
N = 2 % _ (including Cen A and For A) .
* The values of Aa and A6 measured at 6cm are used, since 
these are more reliable, but all the sources referred 
to were detected at 11cm.
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Case 2 - Sources between 1.1 and 1.5 arc min from galaxy 
centre
Here, the area under consideration is equal to 
tt(1.52 - l.l2) are min2 for each field, and the total area 
is
A = 248 x 3.27 
= 810 arc min2.
Since not all 25 mJy sources in this area will be detected, 
use N(30 mJy) = 1.19 x 10-3 are min-2, and consider only 
detected sources above 30 mJy.
N , = 810 x 1.19 x 10-3back
=  1.0
and
N ,  ^ = 4det —
The number of detected and (predicted) background sources 
at various distances from a galaxy centre can be found in 
a similar manner. Sources more than 4 arc min from the 
set position are unlikely to be detected unless they are 
very strong.
D (arc min) N, V back Ndet
< 1.0 1.2 28 > 25 mJy
1.1 - 1.5 1.0 4 > 30 mJy
1.6 - 2.0 1.3 3 > 30 mJy
2.1 - 2.5 1.4 1 > 35 mJy
2.6 - 4.0 4.2 3 > 50 mJy
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Thus there is a significant excess of sources close to 
the optical centres of galaxies, as would be expected if 
the radio sources were physically associated with the 
galaxies.
For sources more than 2.0 arc min from a galaxy 
centre, the number of detections is in accordance with 
that predicted from the background source density, and 
it is unlikely that these sources are associated with a 
survey galaxy both on this basis and because most of the 
survey galaxies are 1.0 - 2.0 arc min in diameter and 
radio sources in early-type galaxies are usually centred 
in the nucleus of the galaxy.
For sources 1.0 arc min or less from a galaxy 
centre, background sources account for less than 5% of 
the detections, and so these sources have a very high 
probability of association with the galaxy. The few 
sources found between 1.1 and 2.0 arc min from a galaxy 
centre are also likely to be associated, and have been 
included as possible detections. It must be emphasized, 
however, that on the basis of the present observations 
it is only possible to speak of a probability of association 
between a particular radio source and optical galaxy rather 
than a certain identification.
The sources detected at 2700 MHz (11cm) and 
5000 MHz (6cm) are listed in Tables 4.4 and 4.5 respectively. 
Of the 50 sources detected at 2700 MHz, 37 lie within 2.0 arc
Table 4.4 Sources detected at 2700 MHz (11 cm).
Galaxy Type O p tica l P o s it io n Act A ö Peak F lux
(1 9 5 0 .0 ) (arc min) (nvJy) + / -
149-G 19 E-SO 00 07 30 -5 7 17 54 - 0 . 1 - 0 . 3 337 20 ★
NGC312 E 00 54 04 -5 3 03 12 + 0 .8 - 3 . 6 48 10
013-G 12 SO 01 06 21 -8 0 34 37 + 1 .4 - 0 . 6 135 10 ★
NGC630 SO 01 33 25 -3 9 36 54 + 4 .0 - 0 . 7 71 10
NQC641 E 01 36 31 - 4 2 46 55 0 .0 - 0 . 2 163 15 ★
IC 1875 E 03 02 01 -3 9 38 26 - 3 . 3 + 0 .9 87 10
NGC1316 SO 03 20 47 -3 7 23 12 98000 *
IC 1919 SO 03 24 02 -3 3 04 12 + 1 .0 - 3 . 9 121 25
NGC1399 E 03 36 34 -3 5 36 42 *
NGC1553 SO 04 15 05 - 5 5 54 12 + 1 .3 - 1 . 7 83 10 *
NGC1567 SO 04 19 43 -4 8 22 18 - 2 . 7 + 2 .1 381 30
NGC1596 SO 04 26 32 - 5 5 08 12 - 1 . 2 + 4 .2 148 10
NGC1595 E 04 26 56 -4 7 55 30 + 2 .6 - 5 . 5 56 20
NGC1947 SO 05 26 28 -6 3 48 06 - 0 . 6 + 0 .3 29 9 *
367-G 08 SO 07 14 50 -3 5 17 00 - 1 . 0 - 0 . 8 52 3 *
IC2200A s o 07 27 31 -6 2 15 30 - 0 . 2 - 1 . 4 31 5 *
NGC2640 s o 08 36 05 -5 4 56 54 + 1 .0 + 0 .4 46 10 *
NGC2663 E 08 43 08 -3 3 36 42 + 0 .1 - 0 . 2 1525 10 *
NGC3250 E 10 24 21 -3 9 41 18 + 0 .3 + 0 .4 61 5 ★
NGC3258 E 10 26 37 -3 5 21 00 + 0 .8 0 .0 90 10 *
NGC3268 E 10 27 45 -3 5 04 06 - 0 . 3 0 .0 25 5 ★
263-G 48 so 10 29 04 -4 5 59 49 + 1 .0 + 0 .1 41 10 *
376-G 07 E-SO 10 38 55 -3 6 52 47 + 1 .4 - 1 . 4 120 14
NGC3557 E 11 07 35 -3 7 16 00 + 0 .1 - 0 . 3 455 30 *
NGC4373 E-SO 12 22 39 -3 9 29 00 - 0 . 1 + 1 .6 28 5
NGC4645A s o 12 40 21 -4 1 05 06 - 1 . 0 + 1 .9 51 14
NGC4696 s o 12 46 03 -4 1 02 25 + 0 .1 0 .0 2458 20 *
323-G 93 SO 13 10 22 - 4 2 01 18 + 1 .4 0 .0 41 8 *
NGC5090 E 13 18 18 -4 3 26 36 + 0 .1 + 0 .2 3181 50 *
NQC5128 E 13 22 33 - 4 2 45 24 128000 *
NGC5140 SO 13 23 31 -3 3 36 17 - 1 . 2 + 1 .5 35 10 *
IC 4296 E 13 33 47 -3 3 42 42 + 0 .3 - 0 . 1 2992 40 *
NGC5419 E 14 00 42 -3 3 44 18 + 0 .1 - 0 . 7 264 10 *
137-G 45 E 16 46 36 -6 0 43 17 - 1 . 0 + 0 .6 60 5 *
NGC6721 SO 18 56 34 -5 7 49 49 + 3 .8 + 2 .8 56 20
NGC6730 E 19 02 13 -6 8 59 18 - 1 . 5 - 0 . 7 99 6 *
NGC6758 E 19 09 43 -5 6 23 42 + 0 .5 + 0 .6 55 8 ★
232-G 21 SO 19 40 47 -5 1 43 24 - 0 . 9 - 0 . 6 63 15 *
NGC6868 E 20 06 16 -4 8 31 43 + 0 .4 - 0 . 4 124 6 *
IC 4991 SO 20 15 01 -4 1 12 24 - 1 . 1 + 0 .2 53 10 *
NGC6958 E 20 45 29 -3 8 10 54 - 0 . 1 + 0 .1 43 5 *
NGC6987 E 20 54 42 -4 8 49 24 + 0 .5 - 0 . 3 83 8 *
107-G 04 E 20 59 03 -6 7 22 55 - 2 . 1 + 2 .2 112 10
NGC7002 E 21 00 17 -4 9 13 42 + 0 .9 + 0 .6 67 6 *
286-G 50 E 21 03 27 - 4 2 45 24 - 1 . 1 - 0 . 5 55 15 *
NGC7049 SO 21 15 37 - 4 8 46 23 + 0 .3 - 0 . 1 57 10 *
NGC7168 E-SO 21 58 51 -5 1 59 07 - 4 . 2 - 1 . 6 47 10
NGC7213 SO 22 06 08 - 4 7 24 49 - 0 . 2 0 .0 187 12 *
NGC7216 E 22 08 44 -6 8 54 23 + 1 .1 + 0 .7 56 6 *
IC 1459 E 22 54 23 -3 6 43 48 0 .0 - 0 . 2 1155 10 *
IC5063 SOa 20 48 12 -5 7 15 30 + 1 .4 - 0 . 1 936 40 *
Table 4.5 Sources detected at 5000 MHz (6 cm).
Notes: NGC 641 Resolved at 6 cm, 1.3* x 1.3'
NGC 2663 Extended in dec. 2,1*
323-G93 Resolved at 6 cm, 1.3* x 1.3'
NGC 5090 Resolved, 2.3' (R.A.) x 3.7' (dec
IC 4296 Central component only. 
Resolved 3.4' x 2.1*
NGC 6730 Extended in R.A. 2.3'
(IC 5063 Extended in R.A. 3.3')
Galaxy Type O p tica l P o s it io n A a A6 Peak Flux
(1950 .0) (a rc  min) (nvJy) + / -
149-G19 E-SO 00 07 30 -57 17 54 0.0 0 .0 197 18 ★
NQC312 E 00 54 04 -53 03 12 +1.5 -5 .1 53 5
013-G12 SO 01 06 21 -80 34 37 +0.6 -1 .0 87 3 *
NGC641 E 01 36 31 -42 46 55 +0.2 -0 .1 97 3 *
IC1375 E 03 02 01 -39 38 26 -3 .6 +1.8 37 3
NGC1316 SO 03 20 47 -37 23 12 65800 ★
IC1919 SO 03 24 02 -33 04 12 +1.3 -3 .7 54 5 ★
NGC1399 E 03 36 34 -35 36 42 258 *
NQC1553 SO 04 15 05 -55 54 12 +1.4 - 1 .5 52 3 *
NGC1567 SO 04 19 43 -48 22 18 -3 .0 +3.3 286 30
NGC1947 s o 05 26 28 -63 48 06 -0 .9 +0.1 18 2 *
367-G08 s o 07 14 50 -35 17 00 -0 .5 - 1 .6 31 5 *
IC2200A s o 07 27 21 -62 15 30 -2 .0 -0 .5 21 7 ★
NQC2640 s o 08 36 05 -54 56 54 0.0 +0.2 29 3 *
NGC2663 E 08 43 08 +33 36 42 +0.4 +0.3 993 30 *
NGC3250 E 10 24 21 -39 41 18 -0 .1 +0.1 21 5 *
NGC3258 E 10 26 37 -35 21 00 +0.1 +0.3 52 5 *
NQC3268 E 10 27 45 -35 04 06 -0 .1 +0.2 28 3 *
263-G48 s o 10 29 04 -45 59 49 +0.5 -0 .3 20 3 *
376-G07 E-SO 10 38 55 -36 52 47 +1.6 -0 .9 65 6 *
NGC3557 E 11 07 35 -37 16 00 0.0 -0 .2 299 20 *
NQC4645A s o 12 40 21 -41 05 06 -1 .8 +0.3
NGC4696 SO 12 46 03 -41 02 25 -0 .4 0 .0 1393 20 *
323-G93 s o 13 10 22 -42 01 18 -0 .4 +0.2 32 3 *
NQC5090 E 13 18 18 -43 26 36 +0.2 +0.1 1632 40 *
NGC5128 E 13 22 33 -42 45 24 126000 *
NGC5140 SO 13 23 31 -33 36 17 0.0 +0.3 43 3 *
IC4296 E 13 33 47 -33 42 42 +0.2 +0.8 1446 30 *
NGC5419 E 14 00 42 -33 44 18 -0 .1 -0 .7 150 15 *
137-G45 E 16 46 36 -60 43 17 -0 .4 +0.2 33 3 *
NGC6730 E 19 02 13 -68 59 18 -0 .5 -0 .7 65 2 *
NGC6758 E 19 09 43 -56 23 42 -0 .4 +0.4 34 5 *
232-G21 SO 19 40 47 -51 43 24 -1 .4 -0 .3 33 5 ★
NGC6861 E 20 03 41 -48 30 54 -1 .3 +0.2 20 3 *
NGC6868 E 20 06 16 -48 31 43 -0 .3 -0 .2 124 7 *
IC4991 SO 20 15 01 -41 12 24 -1 .8 0 .0 23 5 *
NQC6958 E 20 45 29 -38 10 54 27 5 *
NGC6987 E 20 54 42 -48 49 24 -0 .5 0 .0 57 5 *
107-G04 E 20 59 03 -67 22 55 -1 .0 +2.2 60 3
NGC7002 E 21 00 17 -49 13 42 -0 .1 0 .0 48 5 *
286-G50 E 21 03 27 -42 45 24 -1 .1 +0.4 34 5 *
NGC7049 SO 21 15 37 -48 46 23 +0.3 -0 .1 35 3 *
NGC7168 E-SO 21 58 51 -51 59 07 -5 .3 -2 .0 56 2 *
NGC7213 SO 22 06 08 -47 24 49 -0 .2 +0.2 228 10 ★
NQC7216 E 22 08 44 -68 54 23 +0.2 +0.4 46 5 *
IC1459 E 22 54 23 -36 43 48 -0 .1 -0 .1 1073 30 *
202-G23 04 26 34 -48 01 12 -0 .8 -0 .2 48 5 *
IC5063 SOa 20 48 12 -57 15 30 +2.5 -0 .4 936 40 *
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min of the optical centre of a survey galaxy and are 
assumed to be associated with the galaxy. These sources 
are indicated by an asterisk in the final column of each 
table. The two strong radio sources Fornax A (NGC 1316) 
and Centaurus A (NGC 5128) were not observed in the 
present survey and the flux densities quoted are taken 
from the Parkes Catalogue (CSIRO Division of Radiophysics 
1981) at 2700 MHz and from Disney and Wall (1977) at 5000 
MHz. The notes to Table 4.5 indicate which sources were 
resolved and their approximate extent in right ascension 
and declination.
Table 4.6 lists optical and radio positions 
for the detected galaxies, as well as the integrated flux 
density at both frequencies (the integrated flux density is 
somewhat larger than the peak flux density quoted in 
Tables 4.4 and 4.5 in the case of resolved sources; see 
Section 4.5). The spectral index, a, between 2700 MHz and 
5000 MHz is also listed.
The listed radio positions are those measured at 
5000 MHz, which are accurate to ± 0.2 arc min. The 
agreement between the 2700 MHz and 5000 MHz positions is, 
however, generally good, as shown by the comparison of 
Aa and A6 for the two frequencies in Figure 4.3.
The radio spectral index a between two frequencies
v , V2 defined fry
a = log (Si/S2) (4.7.1),
log (V1/V2 )
and in the present case, Vi = 2700 MHz, V2 = 5000 MHz, and
Figure 4.3
(a) Comparison of Aa for each detected source at the 
two observed frequencies. The correlation shows that the two 
measured positions are generally in good agreement.
(b) A similar comparison for A6.
^ ° < 0 ( a r c m i n )
A S II
+2.0
+2.0
(arcmin)
•  •
- - - 2.0
Galaxy Radio position Integrated
149-G19
013-G12
NGC641
NGC1316
NGC1399
NGC1553
NGC1947
367-G08
IC2200A
NGC2640
NGC2663
NGC3250
NGC3258
NGC3268
263-G48
NGC3557
NGC4696
323-G93
NGC5090
NGC5128
NGC5140
IC4296
NGC5419
137-G45
NGC6730
NGC6758
232-G21
NGC6861
NGC6868
IC4991
NGC6958
NGC6987
NGC7002
286-G50
NGC7049
NGC7213
NGC7216
IC1459
Table 4.
Optical Position
(1950.0) (1950.0) Flux Density (mJy)
11cm ± 6cm ±
00 07 30 -57 17 54 00 07 29. 7 --57 17 56 337 20 197 18
01 06 21 -80 34 37 01 06 05. 8 -80 33 37 135 10 87 5
01 36 31 -42 46 55 01 36 30. 1 -42 46 49 166 15 101 3
03 20 47 -37 23 12 (98 000) (65 800)
03 36 34 -35 36 42 445 30 342 15
04 15 05 -55 54 12 04 14 55. 0 ■-5-5 52 40 83 10 52 3
05 26 28 -63 48 06 05 26 36. 1 ■-63 48 12 29 9 18 2
07 14 50 -35 17 00 07 14 52. 4 •-35 15 23 52 3 31 5
07 27 31 -62 15 30 07 27 40. 7 ■-62 14 34 31 5 21 7
08 36 05 -54 56 54 08 36 05. 0 ■-54 57 05 46 10 29 3
08 43 08 -33 36 42 08 43 06. 1 •-33 36 58 1551 10 1039 30
10 24 21 -39 41 18 10 24 21. 5 -39 41 23 61 5 21 5
10 26 37 -35 21 00 10 26 36. 5 -35 21 17 90 10 52 5
10 27 45 -35 04 06 10 27 45. 4 -35 04 15 25 5 28 3
10 29 04 -45 59 49 10 29 01. 4 LO1 59 33 41 10 20 3
11 07 35 -37 16 00 11 07 34. 9 -37 16 09 455 30 299 20
12 46 03 -41 02 25 12 46 05. 3 -41 02 24 2458 20 1393 20
13 10 22 -42 01 18 13 10 23. 9 -42 01 31 41 8 33 3
13 18 18 -43 26 36 13 18 16., 8 -43 26 44 3411 50 1632 40
13 22 33 -42 45 24 (128 000) (126 000)
13 23 31 -33 36 17 13 23 30..5 -33 36 35 35 10 43 3
13 33 47 -33 42 42 13 33 45..9 -33 43 27 3171 40 1604 30
14 00 ^2 -33 44 18 14 00 42..5 -33 44 11 264 10 150 15
16 46 36 -60 43 17 16 46 39..2 -60 43 27 60 5 33 3
19 02 13 -68 59 18 19 02 19..1 -68 58 39 102 6 67 2
19 09 43 -56 23 42 19 09 46 .0 -56 24 04 55 8 34 5
19 40 47 -51 43 24 19 40 56.1 -51 42 39 63 15 33 5
20 03 41 -48 30 54 20 03 48.7 -48 31 04 <30 20 3
20 06 16 -48 31 43 20 06 18.1 -48 31 34 124 6 124 7
20 15 01 -41 12 24 20 15 10.6 -41 12 24 53 10 20 5
20 45 29 -38 10 54 20 45 29.6 -38 11 02 43 5 27 5
20 54 42 -48 49 24 20 54 45.1 -48 49 23 83 8 57 5
21 00 17 -49 13 42 21 00 17.7 -49 13 43 67 6 48 5
21 03 27 -42 45 24 21 03 33.2 -42 45 45 55 15 34 5
21 15 37 -48 46 23 21 15 34.9 -48 46 16 57 10 35 3
22 06 08 -47 24 49 22 06 09.3 -47 24 37 187 12 228 10
22 08 44 -68 54 23 22 08 42 . 1 -68 54 45 56 6 46 5
22 54 23 -36 43 48 22 54 23 .5 -36 43 43 1155 10 1073 30
6 Galaxies detected in the radio survey.
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a = -3.74 log (S (4.7.2)
4.8 Results of the radio survey
Table 4.7 lists the radio properties of all
galaxies in the present sample, and is arranged as follows:
(1) Object name;
(2) 2700 MHz flux density (in mJy) for detected 
galaxies, upper limit for undetected galaxies;
(3) 5000 MHz flux density or upper limit for 
galaxies observed at this frequency;
(4) Log radio power (in WHz-1) at 2700 MHz;
(5) Spectral index (as defined by 4.7.2) for
for a galaxy with flux density Jy at a distance of d m. 
Changing d to units of Mpc gives
The radio luminosity function of the galaxy sample will be
7discussed in detail in Chapter
Several galaxies in Table 4.6 have been observed 
at different frequencies by other observers. The main 
source of such data are the Compendium of Radio Measurements 
of Bright Galaxies (Haynes et al. 1975) , an (as yet) 
unpublished survey of early-type galaxies at 14800 MHz (2cm)
detected galaxies.
The radio power is defined by:
(4.8.1)
Pv = 4 tt x 9.5 x 1018 x x Sv (4.8.2)
Table 4.7 Radio properties of galaxies in the sample 
(see page 79).
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by Ekers et al. (1979, private communication) and several 
843 MHz maps made by Harnett (1982, private communication) 
using the Molonglo Observatory Synthesis Telescope (Mills 
1981) . There are also 73 galaxies in common with the 
5000 MHz survey of southern elliptical and SO galaxies by 
Disney and Wall (1977).
Table 4.8 lists the 14800 MHz flux densities for 
eleven galaxies in the present sample (plus IC 5063) which 
were also observed by Ekers et al. The observations were 
made using an on-off wagging technique centred on the 
optical position of each galaxy (as listed in RCBG2). The 
standard source for flux calibration was Hydra A, which was
assumed to have a flux density of 4.5 Jy at 14800 MHz.
Eight of the sample galaxies have recently been 
mapped at 843 MHz by Harnett (NGC 1399, NGC 1549,
NGC 1553, NGC 3136, NGC 4696, NGC 4976, NGC 5266, NGC 7213),
and five of these (NGC 1399, NGC 3136, NGC 4696, NGC 5266 
and NGC 7213) were detected and identified with the optical 
galaxy. The map of NGC 1553 indicates that the source 
observed at 2700 MHz is unlikely to be associated with the 
galaxy, and an upper limit of 5 mJy is estimated for the 
843 MHz flux densities of NGC 1549, NGC 1553 and NGC 4976.
Figure 4.4 shows the radio spectra of all 
galaxies in the present sample which have been detected 
at one or more frequencies. This includes four galaxies 
not detected in the 2700 MHz survey (NGC 3136, NGC 3706,
Galaxy 2 an flux ( m Jy )
NGC 2663 499 ± 17 , 403 ± 26
NGC 3258 10 ± 6 , 18 ± 6
NGC 3268 19 ± 4 , 38 ± 7
NGC 3557 153 ± 14 , 168 ± 12
NGC 3706 14 ± 5 , 12 ± 6
NGC 4696 493 ± 4
NGC 5419 51 ± 8
NGC 6868 76 ± 12 , 104 ± 13
NGC 6958 23 ± 10
NGC 7213 294 ± 19 , 251 ± 7
IC 1459 967 ± 29
IC 5063 216 ± 16
Table 4,8 Flux densities of sample galaxies at 14800 MHz ( 2 on ),
taken fron the survey by Ekers et al. ( 1979, unpublished).
Figure 4.4 Radio spectra of galaxies detected in the present 
survey. Flux densities fron other sources are included where 
available.
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NGC 5266 and NGC 6861), of which details are given in 
Table 4.9.
The distribution of spectral indices between 2700 
MHz and 5000 MHz is shown in Figure 4.5. Ten of the 37 
sources have a > -0.5, which is the cut-off usually 
adopted to separate "flat-spectrum" (compact) sources from 
"steep-spectrum" (extended) sources (e.g. Condon and 
Dressel 1978). Thus about one-third of the detected 
galaxies have flat spectra, in agreement with the results 
of Jenkins (1982) who found that two-thirds of low- 
luminosity radio sources in early-type galaxies showed 
extended structure with a central source and prominent 
radio jets when mapped at 2700 MHz, while one-third of 
sources were confined to the nucleus (with extent less 
than 1 kpc).
NGC 3136 Detected at 843 MHz ( 21 mJy) by Harnett (private 
oormunication). Possibly detected at 5000 MHz by 
Disney and Wall (1977, ~8 mJy). The correct optical 
position (10 04 31, -67 08 00 at epoch 1950.0), is 
slightly north of that given in the ESO/Uppsala list.
NGC 3706 Detected at 14800 MHz (table 4.8), 13 ± 5 mJy.
Upper limit of 30 mJy at 2700 MHz means the spectral 
index is flatter than -0.5 (a > -0.5).
NGC 5266 Detected at 843 MHz by Harnett (48 mJy). The upper 
limit of 30 mJy at 2700 MHz means a spectral index 
steeper than -0.4.
NGC 6861 Detected at 5000 MHz (20 n\Jy). Upper limit at 2700 
MHz was 30 mJy, spectral index flatter than -0.7.
Table 4.9 Galaxies below the survey detection limit at 2700 MHz 
(11 cm), but known to contain radio sources.
Figure 4.5 Distribution of spectral indices for the detected
galaxies.
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5. LARGE-SCALE PROPERTIES OF THE GALAXY SAMPLE 
5.1 Introduction
A knowledge of the space distribution and space 
density of galaxies is important in many areas of 
astronomy and cosmology. Ideally, the best way to 
determine these parameters would be to count all the 
galaxies in a specified (large) volume of space and to 
measure the distance and magnitude of each. Assuming 
that galaxies are distributed throughout space in exactly 
the same way as those in the sample volume, and that the 
intrinsic luminosity function of galaxies is independent 
of position, it is then possible to determine both the 
space density and the luminosity function.
However, a complete volume- (or distance-) 
limited sample cannot be obtained in practice because 
intrinsically faint galaxies are lost from the sample at 
distances far smaller than those necessary to include a 
significant number of intrinsically bright galaxies.
Hence an apparent magnitude-limited sample offers the 
best possibility of compiling a galaxy sample in which 
the selection effects, though highly significant, are at 
least known and can be accounted for. The problem is 
analogous to that of using star counts to investigate 
the density distribution within the galaxy (Trumpler and 
Weaver 1962), and observers in the past have generally
83.
used all-sky catalogues complete to some relatively
*bright apparent magnitude (typically mß ~ 12) to 
determine the intrinsically faint end of the galaxy 
luminosity function, together with deeper counts over a 
small area (e.g. Kirshner, Oemler and Schechter 1979;
KOS) to determine the intrinsically bright end and also the 
mean space density of galaxies at distances sufficiently 
large (> 50 Mpc) that local density enhancements are 
unimportant. Galaxy counts over a large area (Shane and 
Wirtanen 1967) have generally only been possible for 
galaxies whose individual distances and magnitudes are 
unknown (since only the number of galaxies brighter than 
a limiting magnitude is counted), and although these counts 
are of great value in determining the surface density of 
galaxies (which is important, for example, in investigating 
galactic extinction) they do not contain sufficient 
information to determine the galaxy luminosity function.
The recent work of KOS, which will be discussed in more 
detail shortly, comprises the deepest galaxy sample for which 
distance information is presently available.
A complete magnitude-limited sample of early- 
type galaxies forms the basis of the present study. It 
covers a large area of sky (9072 square degrees) and 
incorporates magnitude and distance information for all
* For example, the Second Reference Catalogue of Bright 
Galaxies (de Vaucouleurs, de Vaucouleurs and Corwin 
1976), the Revised Shapley-Ames Catalog of Bright 
Galaxies (Sandage and Tammann 1981) and the Catalogue 
of Galaxies and Clusters of Galaxies (Zwicky et al. 
1961-1968) .
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elliptical and SO galaxies down to a limiting magnitude 
(Bt) of 14.0. Since previous determinations of the 
galaxy luminosity function have not generally used 
sufficient galaxies for comparisons between different 
morphological types to be statistically significant 
(Felten 1977), it will be useful to compare the present 
determination for E and SO galaxies with that found for 
galaxies of all types taken together (which is, in fact, 
dominated by spiral galaxies since these comprise about 
70% of the general population of galaxies). Before using 
this sample in further analysis, however, it is necessary 
to check its completeness since this is an aim which 
previous catalogues of galaxies have sometimes found 
difficult to achieve (for example, the original Shapley- 
Ames catalogue (Shapley and Ames 1932), intended to be 
complete to magnitude 13, is already incomplete at 
magnitude 12.5 (Sandage, Tammann and Yahil 1979)).
5.2 Completeness of the sample
Testing a galaxy sample for completeness is in 
itself a little difficult since the tests rely upon a 
number of assumptions, and several different methods will 
be used to estimate the completeness of the present sample.
The V/Vm test (Schmidt 1968, Felten 1976) is the 
one most commonly used to test for completeness. It 
considers the position of each galaxy within the maximum 
volume in which it could be situated and still be included 
in the sample (i.e. have an apparent magnitude brighter
85.
than the sample cut-off). It assumes a uniform distribution
of galaxies in space and if this is true, then the test is
valid independent of the underlying luminosity function.
In general, however, the observed number of galaxies N(m)
having apparent magnitude m depends on the galaxy luminosity
function, the space distribution of galaxies and the amount of
galactic extinction (Trumpler and Weaver 1962), and so the
assumption that each value of V/Vm is equally likely in a
complete sample may not be valid. In particular, the V/V^
test gives too low a value of <V/V > when there is anm
excess of bright, nearby galaxies (e.g. members of the 
Local Group, KOS), thus making the sample appear less 
complete than it actually is. KOS find a number of large-
—  i *scale density fluctuations on scales of up to 50h Mpc
both as density enhancements and as 'voids' in space 
(Kirshner et al. 1981), and for this reason it seems wise 
to be a little cautious about using the V/V^ test as the 
sole test of completeness for a sample which extends to 
distances well beyond the Local Group.
A value of V/V was calculated for each galaxy m J
in the present sample using the formula
V/Vr
 ^„limfor Bt < Bt ,
, n 0.6(B - Blim)10 T T
J-im
(5.2.1)
where Bm is the limiting (cut-off) magnitude.
* The value Ho = 100 km/s/Mpc is used throughout this work. 
Wherever possible, I write this in the form Ho = 100h 
km/s/Mpc in the usual way in order to show how the results 
obtained vary with the assumed value of Ho.
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Fiqure 5.1 shows the variation of the mean value <V/V >3 mlimwith B t . <V/V > is close to the expected value of 0.5m
for limiting magnitudes as faint as 13.5, then decreases
steadily to about 0.4 at limiting magnitude 14.0. This
decrease may be due to incompleteness in the sample or to
a real decrease in the relative density of galaxies
- 1 * beyond 60 - 70 h Mpc , or both. Figure 5.2 shows the
distribution of V/V for Blim = 13.8 and 14.0. In bothm t
cases, there is a large excess of galaxies with V/V^ < 0.2
due to the density enhancement of the local group. For
ßlim = 13.8, the sample appears reasonably complete since
all other bins contain about the same number of galaxies.
Some galaxies, no more than about 20, may be missing.
At Blim = 14.0, the incompleteness is more apparent, since T
the number of galaxies decreases substantially as V/V^
increases. Probably 65-70 galaxies are missing here. Thus
the V/V test leads to the conclusion that the present m
sample is about 90% complete to B1^;11 = 13.8 and about 80% 
complete at B1^ ™ = 14.0.
Since the original magnitude estimates (Chapter 1) 
extended to mest = 16.0, it is possible, by examining the 
relationship between mest and BT/ to determine whether any 
galaxies which should have been included in the survey were 
not. Figures 5.3 and 5.4 show the relationship between 
mest anc^  Bt ^°r galaxies having accurate photoelectric
measurements of BT (Chapter 3). It is clear that the
** Characteristic distance, from M = 2 0 . 4 - 5  log h 
(See Section 5.3).
Figure 5.1 Values of <V/Vm> as a function of limiting magnitude 
. The expected value of 0.5 for a complete and uniformly 
distributed sample is shown by the horizontal line, and /n error 
bars are also indicated.
Figure 5.2 Distribution of V/V for (a) B,m
lim 13.8 and
<  v/vM >
13.8
3 0 __
.6 . 8  1.0
14.0
Figure 5.3 Plot of estimated magnitude m (see chapter 1) 
versus the asymptotic magnitude BT measured from photoelectric 
aperture photometry.
10 11 12 13 14 15 16
Figure 5.4 Histogram of residuals mest ~ Bt. The curve 
represents a Gaussian with <i^ est - BT>= 0.351 and g = 0.389 
as described in the text.
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values of m t are generally systematically larger than 
Bt particularly at fainter magnitudes.
A calculation gives
<m - B > = 0.351 ± 0.03 est T
ö =0.389
and Figure 5.4 shows that the distribution is approximately 
Gaussian. 95 SO galaxies with m t = 14.5 were excluded 
from the sample (the 17 E and E-SO galaxies with m = 14.5 
were included, see Chapter 1). How many of these galaxies 
should have been included? From Figure 5.4, 22 of the 95 
galaxies will have BT < 13.8 and 41 will have BT < 14.0.
Thus the incompleteness seen in Figures 5.1 and 5.2 can be 
accounted for by uncertainties in mest and the possibility 
that some galaxies are lost from the sample because they fall 
below the cut-off diameter (see Chapter 1) or from mis- 
classification.
Rather than correct the present sample for the 
small incompleteness effect by artificial means (such as 
adding in 'extra' galaxies with fictitious distances and 
magnitude), calculation of the luminosity function will 
be done using both the B^ £ 14.0 sample (~ 80% complete) 
and the BT < 13.8 sample (~ 90% complete).
A study of the clustering properties of the 
sample (Section 5.4) gives independent confirmation that 
the sample is essentially complete at B^™ = 13.8.
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5.3 The optical luminosity function for E and SO galaxies 
In order to calculate the optical luminosity 
function for the sample galaxies, the absolute magnitude of 
each galaxy was first calculated as follows:
M° = B° - 5 log (V /H ) - 25 (5.3.1)Jj 1 o o
where B° is the absorption-corrected magnitude calculated in
Table 3.3. The radial velocity Vq was used as the distance
indicator for all galaxies, except that where VQ was less
than 200 km/s a distance of 2 Mpc was assumed. There is
a danger that the radial velocity may not always be a
reliable distance indicator when V < 1000 km/s because ofo
perturbations in the local velocity field, but in the 
absence of independent distance indicators for most of the 
galaxies this seems the least biased course to take. One 
solution might be to exclude very nearby galaxies from the 
analysis, although this has not been done here.
The volume within which a galaxy of absolute 
magnitude M° can be situated and still be brighter than 
the limiting apparent magnitude is a function of the 
galactic extinction Aß, which varies with position on the 
sky.
Schechter (1976) gives the expression
V[M°] = 4* io°-6(BlTm - ^  - 25) r 90 d(sin b)10-°-6AB cosec bB o  b, .1 lun1
(5.3.2)
for a sample bounded in galactic latitude (where is a
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constant and the total extinction varies as cosec b). 
For the present calculation, this integral was replaced 
by a summation over the 385 sky survey fields used (see 
Chapter 1).
Thus
nrM01 4 ^O.GCB1^  - V[M°] = 7T 10 L - 25) , Q,4 7T
..LY* 10 °*6ABi
f i=l (5.3.3)
where = 385 and Aß  ^ is the mean galactic extinction in 
t hthe i field (calculated as previously from RCBG2 - see 
Chapter 3). Jl is the solid angle covered by the survey in 
steradians (2.76 sr for the present survey).
In this case,
1 v“vf -0.6A .A > 10 Bi = 0.455 (5.3.4
Nf i = l
(corresponding to a "weighted" mean A of 0.57 mag. over
J D
the survey area).
Hence
V[M°] 0.419 x 100.6 (B
lim
T M° - 25) B (5.3.5)
The classical method of calculating the luminosity function 
(Felten 1976) simply requires
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*C (Mg ) N[Mg]V[Mg]
(5.3.6. )
where N[M° ] is the number of galaxies in a magnitude bin 
centred on M°. $ was calculated in 0.5 magnitude bins for
both B = 13.8 and B1^™ = 14.0, and the results are given
in Tables 5.1 and 5.2. The results for the two limiting 
magnitudes agree to within the errors and are plotted 
in figure 5.5.
The Schmidt estimator $s, where
*s - t, ±1=1 V™ (5.3.7)
(Schmidt 1968, Felten 1976) was also calculated for Blim 13.8
• tinHere V* is the maximum volume in which the i galaxy could be
seen, so that
4tt . _fi_ . 10 0 ’ 6(B lim - 25 - M° - A^ )
3 4tt (5.3.8)
for each galaxy. Felten (1976) states that is the preferable 
estimator where there are large variations in extinction across 
the survey area, provided that the magnitude bins are 
reasonably small. In fact, and give very similar 
answers in this sample. (Values of for B1^  = 13.8 are 
given in Table 5.3).
Thus the function $ (M° ) plotted in figure 5.5B
represents the distribution of absolute magnitudes in the 
present sample after correcting for distance effects (i.e.
£ N Volume log $c
(Mpc3) 3(/mag./Mpc)
-22.0 1 1.27x10^ 1.57x10'® -5.80
-21.5 12 6.34x10^ 3.79xl0~* -4.42
-21.0 27 3.18x10^ 1.70x10'* -3.77
-20.5 48 1.59x10* 6.04x10"* -3.22
-20.0 40 7.98x10* 1.00x10"* -3.00
-19.5 29 4.00x10* 1.45x10"* -2.84
-19.0 23 2.01x10* 2.29xl0~* -2.64
-18.5 14 1.01x10* 2.77x10"* -2.56
-18.0 4 5.04xl03 1.59x10'* -2.80
-17.5 6 2.52xl03 4.76xl0~* -2.32
-17.0 5 1.27xl03 7.87x10 3 -2.10
-16.5 2 6.34x10 6.31x10 3 -2.20
Table 5.1 Classical luminosity estimator $ for B3i C T
N Volume log $c
(ly^pc3) (/mag./Mpc3)
-22.0 1 1.67x10^ 1.20x10"^ -5.92
-21.5 14 8.36x10^ 3.35x10 * -4.48
-21.0 28 4.19x10* 1.34x10'* -3.87
-20.5 50 2.10x10* 4.76x10 -3.32
-20.0 42 1.05x10* 8.00xl0~* -3.10
-19.5 38 5.27x10* 1.44x10"* -2.84
-19.0 27 2.64x10* 2.05x10"* -2.69
-18.5 15 1.32x10* 2.27x10"3 -2.64
-18.0 4 6.64x10* 1.20x10 3 -2.92
-17.5 6 3.33x103 3.60xl0~* -2.44
-17.0 6 1.67x10* 7.19xl0~* -2.14
-16.5 2 8.36x10 4.78x10 -2.32
Table 5.2 Classical luminosity estimator $c for BlimT
& N Z 1/V------—m.l —6 lo g
3
(/mag./Mpc )
1
-2 2 .0 1 5.01x10"^ 1.00x10“* -6 .0 0
-2 1 .5 12 3.50x10 6.99x10 -4 .1 6
-2 1 .0 27 1.18x10"^ 2.36x10 1 -3 .6 3
-2 0 .5 48 3.22x10"^ 6.44x10 -3 .1 9
-2 0 .0 40 4.38x10 ^ 8.77x10 * -3 .0 6
-1 9 .5 29 8.33x10 1.67x10“;: -2 .7 8
-1 9 .0 23 1.22x10 2.44x10 ^ -2 .6 1
-1 8 .5 14 1.19x10 2.38x10 -2 .6 2
-1 8 .0 4 6.06x10 1.21x10 -2 .9 2
-1 7 .5 6 1.49x10 2.98x10“^ -2 .5 3
-1 7 .0 5 3.23x10"^ 6.45x10":: -2 .1 9
-1 6 .5 2 2.08x10 3 4.16x10 -2 .3 8
-1 6 .0 2 6.58x10 1.32x10 -1 .8 8
Table 5 .3  Schmidt estim ator fo r  B.lim 13.8
14.0Figure 5.5 Classical luminosity estimator 4>c for BT
(circles) and = 13.8 (crosses), /n error bars for B^imi T
=14.0 are also shown.
-16 -17 -18 -19 -20 -21 -22
MB
o
5 log  h
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the fact that bright galaxies are seen at greater distances 
than faint galaxies). However, this function is still not 
an unbiased estimate of the true galaxy luminosity function 
because it contains an implicit assumption that the space 
density of galaxies is uniform. In fact, our galaxy is 
situated within a group of other galaxies, and so the local 
galaxy density is enhanced. Since faint galaxies are only 
observed if they are nearby, the effect is to increase the 
apparent density at the faint end of the luminosity function 
and to distort both the shape and magnitude of the function.
Having obtained the distribution $ (M°), it is 
usual to fit an analytic function of the kind described by 
Schechter (1976). Although this could be fitted directly 
to the distribution of figure 5.5, the method used here 
will be that of Kirsher, Oember and Schechter (1979; KOS) 
in which the shape of the luminosity function is assumed 
to be the same everywhere but the assumption of uniform 
space density is discarded.
The Schechter function takes the form
4) (L) dL = <J> (L/L )a exp (-L/L ) d(L/L ) (5.3.9)
(Schechter 1976) , where <J> (L) dL is the number of galaxies
*per unit volume in the interval from L to L + dL, and L
is the characteristic luminosity at which the luminosity
*function changes slope (Abell 1965) . M is the characteristic
*absolute magnitude corresponding to L . Equation 5.3.9 is
92.
dominated by the power-law term at the faint end, and by 
the exponential term at the bright end.
*Rewriting the function in terms of M and M gives
<J> (M) dM = 0 - 4 <J>* In 10 [ 10"° * 4 (M"M } ] a+1
x exp [ - 10"0*4 ( M ~ M  }] (5.3.10)
(Felten 1977).
It is now necessary to fit this function to the
*
observed distribution to determine the parameters, a, M 
*
and <j> . The KOS method assumes that the shape of (p (M) is
constant throughout the sample volume although the
*normalization factor (p varies with distance. An 
additional advantage of this two-step method is that the fit
•k
of the shape of the luminosity function to give a and M 
is not affected by a slight incompleteness in the sample, 
and so all the sample galaxies may be used in the first part 
of the fit. For the second part (normalization to determine
•k
<j> ) , a complete sample at some brighter cut-off magnitude 
can be used. The magnitudes used for normalization will 
also be extinction-corrected, in line with the procedure 
of Schechter (1976) .
The method is described in detail by KOS, but in 
essence it is necessary to determine the differential 
d In <J> (M) by calculating the ratio of the number of galaxies 
in the absolute magnitude interval (M, M + dM), N(dM) to
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the total number of galaxies brighter than M, N(<M) 
within a volume for which the sample is complete at 
magnitude M.
Then
N(dM) _ dN(<M) 
N(5M) NU M ) d In 0 (M) (5.3.11)
(equation (3) of KOS). This can be rewritten in the form:
N(dM) 
N (<M)
[10-O.4(M-M )ja+i exP [-10-Q»4(M-M }]
r[(a+l, 10'"°*4(M"M*)]
(5.3.12)
Note that the denominator is not the usual incomplete gamma 
function, as claimed by KOS. This is only true for a > -1; 
for more negative values of a the required integral does not 
coincide with the incomplete gamma function.
Figure 5.6 shows values of dN(M)/N(<M) (and the
differential Schechter fit) for the sample galaxies to a
limiting magnitude of 14.0 (Tables 5.4 and 5.5 list the
values of dN (M) and N(<M) for = 14.0 and 13.8
respectively). Equation 5.3.12 is now fitted to the data
points using a non-linear least squares method to yield 
*values of M and a.
The sum of squared residuals of the fit of the 
(differential) Schechter function to the data in Tables 5.4 
and 5.5 are shown in the contour plots of figures 5.7 and
■k5.8. These show that the fit is sensitive to M but not 
particularly sensitive to a.
Figure 5.6 Values of N (dM)/N (<M) = d ln <J> (M) for the sample
galaxies with Blim = 14.0 (crosses). The solid line is the
*
best fit of the differential Schlechter function with M  = -20. 
a = -0.85 as described in the text.
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Figure 5.7 Sum of squared residuals of the fit of the 
differential Schechter function to the data in table 5.4 
(dN (£M)/N (<M) = d ln (J> (M) for B^ ,im = 14.0).
Figure 5.8 As above, with Bt 13.8 (table 5.5).
m - 1 4 . 0Sum o f  s q u a r e s !
L 0.96
- 20.6 - 2 0 . 4 - 20.2 - 20.0- 21.0 - 20.8
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Sum o f  s q u a r e s !  m -1 3 .8
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L 0.92
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M (c h a r a c t e r u s tu c )
wOM
— B N (dM)
- 22.0 1
- 21.9 0
- 21.8 0
- 21.7 3
- 21.6 1
- 21.5 1
- 21.4 1
- 21.3 7
- 21.2 5
- 21.1 5
- 21.0 6
- 20.9 6
- 20.8 6
- 20.7 6
- 20.6 10
- 20.5 13
- 20.4 10
- 20.3 10
- 20.2 11
- 20.1 7
- 20.0 8
- 19.9 6
- 19.8 8
- 19.7 7
- 19.6 7
- 19.5 10
- 19.4 7
- 19.3 6
- 19.2 5
- 19.1 7
- 19.0 4
- 18.9 5
- 18.8 4
- 18.7 3
- 18.6 1
- 18.5 3
- 18.4 2
- 18.3 5
- 18.2 1
- 18.1 2
- 18.0 0
- 17.9 1
- 17.8 0
- 17.7 1
- 17.6 1
- 17.5 2
- 17.4 0
- 17.3 1
- 17.2 2
- 17.1 1
- 17.0 2
- 16.9 0
- 16.8 1
- 16.7 0
- 16.6 1
- 16.5 1
- 16.4 0
- 16.3 0
- 16.2 0
- 16.1
Table 5.4
0
N ( <M ) d ln <j) (M )
1 1.000
1 0.0001 0.000
4 0.750
5 0.200
6 0.167
7 0.143
14 0.500
19 0.263
24 0.208
28 0.214
33 0.182
37 0.162
42 0.143
51 0.196
62 0.210
70 0.143
74 0.135
80 0.138
80 0.087
84 0.095
85 0.071
88 0.091
89 0.079
86 0.081
88 0.114
90 0.078
90 0.067
89 0.056
88 0.080
84 0.048
81 0.062
77 0.052
59 0.051
48 0.021
44 0.068
40 0.050
40 0.125
38 0.026
37 0.054
35 0.000
32 0.031
30 0.000
28 0.036
24 0.042
26 0.077
24 0.000
23 0.043
23 0.087
23 0.043
20 0.100
17 0.000
17 0.059
15 0.000
15 0.067
13 0.077
10 0.000
9 0.000
8 0.000
7 0.000
4 N ( dM)
- 2 2 .0 1
- 2 1 .9 0
- 2 1 .8 0
- 2 1 .7 3
- 2 1 .6 1
- 2 1 .5 1
- 2 1 .4 1
- 2 1 .3 6
- 2 1 .2 5
- 2 1 .1 5
- 2 1 .0 6
- 2 0 .9 6
- 2 0 .8 5
- 2 0 .7 6
- 2 0 .6 10
- 2 0 .5 12
- 2 0 .4 10
- 2 0 .3 9
- 2 0 .2 11
- 2 0 .1 7
- 2 0 .0 8
- 1 9 .9 6
- 1 9 .8 8
- 1 9 .7 7
- 1 9 .6 4
- 1 9 .5 9
- 1 9 .4 6
- 1 9 .3 3
- 1 9 .2 4
- 1 9 .1 7
- 1 9 .0 3
- 1 8 .9 5
- 1 8 .8 3
- 1 8 .7 3
- 1 8 .6 1
- 1 8 .5 3
- 1 8 .4 2
- 1 8 .3 5
- 1 8 .2 1
- 1 8 .1 2
- 1 8 .0 0
- 1 7 .9 1
- 1 7 .8 0
- 1 7 .7 1
- 1 7 .6 1
- 1 7 .5 2
- 1 7 .4 0
- 1 7 .3 1
- 1 7 .2 2
- 1 7 .1 1
- 1 7 .0 2
- 1 6 .9 0
- 1 6 .8 0
- 1 6 .7 0
- 1 6 .6 1
- 1 6 .5 1
- 1 6 .4 0
- 1 6 .3 0
- 1 6 .2 0
- 1 6 .1 0
JL ( <  M) d  I n  <MM)
1 1.000
1 0.000
1 0.000
4 0 .7 5 0
5 0 .2 0 0
6 0 .1 6 7
7 0 .1 4 3
13 0 .4 6 2
18 0 .2 7 8
23 0 .2 1 7
27 0 .2 2 2
32 0 .1 8 8
35 0 .1 4 3
41 0 .1 4 6
50 0 .2 0 0
60 0 .2 0 0
68 0 .1 4 7
71 0 .1 2 7
77 0 .1 4 3
77 0 .0 9 1
82 0 .0 9 8
83 0 .0 7 2
86 0 .0 9 3
87 0 .0 8 0
81 0 .0 4 9
84 0 .1 0 7
87 0 .0 6 9
84 0 .0 3 6
84 0 .0 4 8
85 0 .0 8 2
81 0 .0 3 7
80 0 .0 6 3
76 0 .0 3 9
59 0 .0 5 1
48 0 .0 2 1
44 0 .0 6 8
40 0 .0 5 0
40 0 .1 2 5
38 0 .0 2 6
37 0 .0 5 4
35 0.000
32 0 .0 3 1
30 0.000
28 0 .0 3 6
24 0 .0 4 2
26 0 .0 7 7
24 0.000
23 0 .0 4 3
23 0 .0 8 7
23 0 .0 4 3
20 0 .1 0 0
17 0.000
16 0.000
15 0.000
15 0 .0 6 7
13 0 .0 7 7
10 0.000
9 0.000
8 0.000
7 0.000
Table 5 .5
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to be:
The parameters which gave the best fit were found
(i) RlimJlJ  rp 14.0
M*  = (- 20.42 + 5 log h) ± 0.22 
a = - 0.85 ± 0.44
(ii) B 1^  = 13.8
M* = (-20.40 + 5 log h) ± 0.22 
a = - 0.74 ± 0.47
where each quoted error is the square root of the unbiased 
estimate of the variance, as derived from the least squares 
fit. The larger uncertainty quoted for a reflects the fact 
that the fit is fairly insensitive to the value of a. a 
represents the true slope of the faint end of the luminosity 
function, and it is clear from figure 5.6 that dN(M)/N shows 
considerable scatter in this region.
The next step is to calculate the normalization
*
factor <J> , and this is done by both methods of KOS, where
*/ t 0.4 (M - m, . + 5  log R + 25)p(m , R) = (p (R) T (a + 1, 10 limlim
<P (R) f (mlim, R) (5.3.13)
(equation (20) of KOS, modified so that R is in units of Mpc)
is the density of galaxies brighter than apparent magnitude
m lim in a spherical shell of radius R (and width 5h-  ^ Mpc in
*
the present case) centred on the observer. <j> (R) is then
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found from the ratio p (mlim/ R) /f (n^^, R) , where p is 
the observed density and f the corresponding theoretical 
value (derived from equation 5.3.12).
*Figure 5.9 shows the distribution of <J> (R) for 
a sample with B1^ m (0) = 13.0 and values of R in the
range 5 - 75 h-1 Mpc. Beyond 60 h-1 Mpc the values are 
less reliable because of the small number of galaxies 
included, despite the low formal (Poisson) errors. The 
results (also listed in Table 5.6) show a decreasing 
galaxy density from 5 - 25 h~1 Mpc, then a fairly constant 
value from 25 - 60 h_1 Mpc and a further decrease after 
60 h-1 Mpc. The peak at 25 - 30 h-1 Mpc is due to the 
presence in the sample volume of three galaxy clusters 
with V0 in the range 2500 - 3000 km/s; a similar density 
enhancement is seen in the KOS data for the south galactic 
pole region at 30 h-1 Mpc, so this may reflect a true 
density anomaly similar to those found in the northern 
galactic hemisphere by KOS and others.
*Thus the value of <j> outside the local supercluster 
(i.e. beyond 20 - 30 h-1 Mpc) appears to be ~ 2.6 x 10"3 h3 
for the present sample of E and SO galaxies.
*The second method of estimating <j> given by KOS
is based on galaxy counts above a limiting apparent
*magnitude m , and leads to an estimate of <<J> > as a 
function of m . The results are shown in figure 5.10 and 
Table 5.7. Since m is related to the limiting distance,
Figure 5.9 Variation of the normalization parameter <J> (see
equation 5.3.9) with distance R. <p is a function of the 
number density of galaxies, and so this plot shows how the 
galaxy density varies with distance. Since only galaxies
•k
with Bt £ 13.0 are included, <J> is not affected by incompleteness.
# o .Figure 5.10 (p as a function of limiting magnitude B . Since 
apparently fainter galaxies are generally more distant, this 
plot also reflects the variation of galaxy density with distance.
Ph
i 
st
ar
 *
10
( 
-4)
 
Ph
i 
* 
*1
0(
 ~
2)
2.0 i
m(llm) - 13.0 alpha - “0.850 M* = “20.40
1.5 -
1.0  -
0.5 -
0.0
0. 10. 20. 30. 40. 50. 60. 70. 80.
R (Mpc)
alpha - -0.850 M* = -20.40
Magnutude
+
+
+
+
+ +
+ + + + + +
4- +  +i I r- -r- \ I I I r
*R (Mpc) <i> (R) Error
2.5 i.2xio":? 6.0x10"^
7.5 7.4x10 ^ 2.1x10 ^
12.5 4.2x10 ^ 1.1x10
17.5 2.7x10 ^ 7.4x10
22.5 2.8x10  ^
5.7x10
6.7x10
27.5 9.0x10
32.5 1.9x10 5.1x10
37.5 1.6x10 ^ 4.7x10
42.5 2.0x10 ^ 5.4x10
47.5 1.4x10 ^ 4.8x10
52.5 1.1x10 ^ 4.5x10
57.5 1.7x104 6.1x10
62.5 2.6x10 2.6x10
67.5 3.3x10 3.3x10
72.5 4.3x10 4.3x10
Table 5.6 Variation of k(j) with distance
Magnitude Number
*< (j) >
(B°) n(<B°)T —  T
- 310.1 3 1.89x10 ^
10.3 5 2.39x10
10.5 7 2.54x10 ^
10.7 10 2.75x10 ^
10.9 12 2.50x10
11.1 15 2.37x10 ^
11.3 20 2.40x10 ^
11.5 32 2.91x10
11.7 41 2.83x10
11.9 59 3.09x10 ^
12.1 78 3.10x10 ^
12.3 101 3.04x10 ^
12.5 124 2.83x10
12.7 146 2.53x10
12.9 166 2.18x10 -t
13.1 200 2.00x10
*Table 5.7 Variation of <(j> > with apparent 
magnitude.
96.
this distribution is also sensitive to the local density
★
enhancement; the decrease in <4> > at magnitudes fainter 
than 12.5 is due both to the decreasing space density of 
galaxies outside the local supercluster and to the
incompleteness of the sample at magnitudes fainter than
o *B rp ~ 13.0 .
The value of <ij) > = 2.18 x 10 3 h 3 for a 
limiting magnitude of 12.9 (B^) is in reasonably good
•k
agreement with the value of <J> found by the first method 
(the error in each is about 25%).
Figure 5.11 shows the final Schechter fit, with
M = - 20.4 + 5 log h, a = - 0.85 and (f> = 2.6 x 10-3 h 3
(solid line), as well as the data points from the classical
estimator in figure 5.5 (4>c for B 1^ ™ = 14.0). The fit
shown by the solid line represents the true shape of the
galaxy luminosity function with the effect of density
variations removed. The lower scale indicates the distance
corresponding to various values of Mg for a galaxy with
B° = 13.0 (which is close to the median value in the
*
sample) . By adopting the value of <J> chosen, the Schechter
function is normalized in the range 30 - 50 h-1 Mpc (since
*
the variation of <f> with distance is small in this region) ; 
but it is clearly not possible to fit the derived Schechter
* Note that these are B£ magnitudes after correction for 
extinction. While the sample is complete to B^ ,  ^ 13.8, 
the completeness in B^ is only to about 13.0 since some 
of the fields are at low galactic latitudes.
Figure 5.11 The solid line shows the final density - independent
Schlechter fit, with M = -20.4 + 5 log h, a = -0.85 and <p =
-3 32.6 x 10 h . The circles represent the classical estimator <f>
1 d.mwith Bt =14.0 (see figure 5.5). The divergence of the twc 
functions at bright and faint magnitudes is explained in the text.
Mb° - 5 log h
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function to the classical estimator at all magnitudes.
*
A larger value of <j> is needed to fit the faint end (i.e. 
a vertical shift of the line in figure 5.1), while a 
smaller value is needed to fit the bright end. This 
divergence can, however, be accounted for by the
•k
distribution of <f> (R ) derived earlier and shown in figure 
5.9. The excess of faint galaxies in the classical 
estimator is due to the local density enhancement on a 
scale of 0 - 15 h 1 Mpc, while the deficiency of bright 
galaxies appears to be due to voids or areas of greatly 
reduced galaxy density within the survey volume at 
distances of 60 - 100 h-1 Mpc. The work of Joeveer,
Einasto and Tago (1977) on large-scale clustering provides 
evidence for galaxy voids in the velocity range 5000 - 
10000 km/s (i.e. 50 - 100 h“ 1 Mpc) over a large range in 
supergalactic latitude in the southern galactic 
hemisphere, so it is likely that the reduced galaxy density 
beyond 60 h-1 Mpc in the present sample is real, and it has 
the effect of greatly reducing the observed number of 
intrinsically bright galaxies.
As an illustration that the derived Schechter 
function (figure 5.11) is an accurate representation of 
the true luminosity function of the sample galaxies, 
the function
<t>obs <Mb ' r) = <t>* (R)x 0.4 In 10 [10 O-4» » ) ] “-1-1
exp<-10-°-4(M-M >) (5.3.14)
98.
(which is the predicted observable luminosity function
derived from the Schechter fit and ineluding the effects 
*of <p (R) , was calculated for values of Mg from 
- 16.5 + 5 log h to - 21.5 + 5 log h using the relation
Bo - Mg = 5  log R + 25 (5.3.15)
(with = 13.0 and R in Mpc) to relate values of Mg 
and R. The results are plotted in figure 5.12, which 
shows that the agreement is very good; thus the deviation 
between the two results in figure 5.11 can be explained 
purely by variations in the density of galaxies within the 
sample volume.
Several previous fits of Schechter functions to
*various samples have been made, and the values of M and a 
derived were as follows (after correcting to H0 = 100 h 
km/s):
*Schechter (1976) M
CL
*Tamman, Yahil and M
Sandage (1979) a
(TYS)
19.4 + 5 log h^ (all galaxies) 
1.25
19.2 + 5 log h (all galaxies)
1.03
and
KOS (1979)
AAT (1982) 
(Efstathiou et al., 
quoted by Ellis
*M
a
— 19.3
0.90
+ 5 log
*M
a = -
19.5
1.10
+ 5 log
*M
a
zz — 19.8
1.00
+ 5 log
h (E, SO, SO/a)
h (all galaxies)
h (all galaxies)
(1982))
+ After applying a correction of - 0.36 mag. to convert
from M to M^, (Felten 1977) .B(o) BT
Figure 5.12 The circles again represent the classical estimator 
<J> with B^im = 14.0. The dotted line is <J> , the predicted
observable luminosity function derived from the Schechter fit and
•k
including the variation of <J> with distance (see equation 5.3.14). 
This shows that the derived Schechter function and observed classical 
estimator agree well once local variations in galaxy density are 
accounted for.
-16 -17 -18 -19 -20 -21 -22
MB
o 5 log h
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ieThis survey M = - 20.4 + 5 log h (E, SO)
a =-0.85
*where the 1g uncertainty in M is typically 0.2 - 0.3 mag. 
and in a 0.3 - 0.5.
The original fit by Schechter (1976) was made to 
a sample of bright nearby galaxies from RCBG2 (de Vaucouleurs, 
de Vaucouleurs and Corwin 1976) which lie within about 
20 - 30 h-1 Mpc. Since the galaxy density varies rapidly 
with distance in this region (see figure 5.9), the classical 
estimator used by Schechter is seriously biased against 
bright galaxies (and the steeper the density gradient 
the greater the bias), accounting for the fainter value of
■kM found. Since both this fit and that of TYS are 
essentially fits to the classical luminosity estimator and 
do not correct for the density bias, they will be 
referred to hereafter as "classical values" (it should also 
be noted that the parameters derived by Schechter and by 
TVS are a reasonably good fit to the classical estimator 
$c (figure 5.5) in the present survey.
•kThe value of M found by TYS is also fainter than 
that found in the present survey for the same reason, 
though it is interesting to note that the value of a = - 0.90 
derived for early-type galaxies is close to that found here, 
strongly suggesting that the faint end of the luminosity 
function has a different slope for early-type and late-type
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galaxies. The implication is that the density of early- 
type galaxies drops off more rapidly at faint absolute 
magnitudes than the density of late-type galaxies (since 
from equation 5.3.10, a value of a < -1 implies that the 
galaxy density increases towards fainter magnitudes while 
a value of a > -1 implies a decrease) and so the 
population of faint galaxies (Mg > -16) should be dominated 
by late-type galaxies such as dwarf irregulars.
The recent AAT redshift survey by Efstathiou et al.
(quoted by Ellis 1982)), full details of which are not yet
*available, yields a value of M fairly close to that found
here. Since the AAT result is for galaxies of all types,
*the results would be in good agreement if M is a few 
tenths of a magnitude brighter for early-type galaxies 
than for late-types.
The discrepancy between the present results and
those of KOS is more difficult to explain. It is
particularly surprising that the density-independent values 
*of M and a derived by KOS agree so closely with the
classical values (Schechter 1976, Felten 1977), since
figure 5.11 shows that this is clearly untrue for the
present sample and the density fluctuations within the KOS
sample volume are at least as large as those in figure 5.9.
*In addition, the normalization parameter <J> derived in the 
present study is in good agreement with that obtained in 
the AAT study (Ellis 1982) , but the value obtained by KOS
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is a factor of 2.5 larger (<<J) > ~ 2.2 x 10~3 h~3 Mpc“3 
here, corresponding to a value of 6.3 x 10“3 h“3 Mpc“3 
for all galaxies if E and SO galaxies comprise 35% of 
the population; KOS find <<j> > * 1.7 x 10“2 h”3 Mpc“3 in 
their southern area). It is possible that the small area 
surveyed by KOS (122 square degrees, compared to 9072 
square degrees in the present survey) is atypical of the 
large-scale galaxy distribution, but a solution to the 
problem is likely to rest with the deeper and more extensive 
redshift surveys now in progress.
The luminosity function has also been derived for
E and SO galaxies separately. Since the number of galaxies
in each sub-sample is smaller, it was more difficult to
obtain an accurate normalization but the results indicate 
*that M is 0.7 mag. brighter for ellipticals than for SOs,
*a value very similar to that of TYS, who found M 0.9 mag. 
brighter for ellipticals than for SO and SO/a combined.
It appears, therefore, that elliptical galaxies are, on 
average substantially brighter than SOs, and comparison of 
the present sample with the work of KOS and Ellis (1982) 
suggests that early-type galaxies have a luminosity function 
which is somewhat brighter than that of late-type galaxies.
The mean value <Mg > of the observed absolute 
magnitude in the sample is - 20.00 for ellipticals (68 
galaxies) and - 19.56 for SOs (150 galaxies).
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5.4 Clustering properties of the galaxy sample
The scale and extent of galaxy clustering is a 
topic which has received much attention recently. It is 
interesting, therefore, to compare the clustering 
properties of the present sample with those obtained from 
other catalogues, particularly since the area of sky 
covered here (6 < -32°) is one not included (or only 
sparsely covered) in most previous analyses.
Although the galaxy sample contains sufficient 
distance information to investigate both the angular (2-D) 
and spatial (3-D) clustering, only the simpler two-dimensional 
case will be considered here, with the three-dimensional 
analysis reserved for a later paper (Sadler and Sharp 1983, 
in preparation).
In order to describe the overall clustering of 
the sample on the plane of the sky, an angular covariance 
function w(0) (Peebles 1973) was calculated. This function 
is defined from the joint probability 6P of finding one 
galaxy in the infinitesimal element of solid angle 6 ^  
and one galaxy in the element 6^2/ where and 6fi2 are
separated by an angle 0, in a sample of mean density N, by
6P = N2(1 + w (0)) (5.4.1)
In practical applications, the function is estimated from 
the separations of the galaxies taken in pairs. In order 
to perform this estimation, a well-defined area is needed.
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The sample was therefore restricted to | b| > 10°, 6 £ - 32° 
and considered to be effectively complete within this 
region. The angular covariance function was estimated 
for this subsample of 240 galaxies by a method which allows 
for the reduced area (Sharp 1979, method 2).
Because of the effects of incompleteness across 
the sky, variable obscuration depending on galactic 
latitude and the presence of sizeable clusters near the 
boundary of the chosen area (figure 5.13), the edge- 
corrected estimate of w can be biased. The bias is allowed 
for by an empirical procedure implicitly suggested by Sharp 
(1979) and explicitly discussed and demonstrated by Hewett 
(1982). This adjustment makes use of the cross-correlation 
between the sample galaxies and sets of randomly distributed 
points of equal mean density. Although the cross-correlation 
function w12 (0), defined as for w(0) by
p' = N2 (1 + wl2(0)) 6Q1 öfi2 (5.4.2)
for two samples of mean density N.^  and N2, is strictly
symmetric (w 12 = w21) , the effect of an edge correction is
to produce two different estimates of w12. It is thus
possible to use the estimate of w , , (w ) to showrandom/galaxy rg
the interaction between the galaxy distribution and the
boundary, and w . . (w ) to reveal the probable-1 galaxy/random gr
size of the statistical errors in w.
Figure 5.13 Position of the sample galaxies on the sky. The 
map is centred on the south celestial pole, and the position of 
the galactic plane is indicated by dashed lines. Several clusters 
of galaxies are evident near the boundaries of the survey area, 
as discussed in the text.
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Figure 5.14 shows the average of ten estimates
of w and w using different random samples. wgr rg gr
shows a scatter of about ± 0.1 around zero (slightly larger 
at smaller scales where fewer points contribute to each bin), 
and w^g reveals an increasing bias at larger scales. All 
estimates are made in bins of width 0.2° out to a maximum 
separation of 20°. The corrected angular cotfvariance 
function is defined by
w ' = w - w (5.4.3)rg
This is slightly different from the correction made by Hewett
(1982), who also subtracts w . Since w is a scattergr gr
diagram, this adds noise without adding information 
(although procedurally it is important to confirm that w 
is as random as it should be).
The corrected (+) and uncorrected (•) functions 
are shown on a log-log plot in figure 5.15. As expected 
the corrections have little effect, although they do remove 
any signs of an anticorrelation at scales beyond about 12°.
oIn the power-law form w = A0P, a simple least-squares fit 
of a straight line up as far as the noise yielded a slope 
8 = - 1.11 ± 0.07 and a constant A = 5.55 ± 0.10 (errors 
are one formal standard deviation, and are indicative only).
The only previous work with which this result can 
be compared directly is the investigation of galaxy 
correlations as a function of morphological type carried
Figure 5.14
(a) Galaxy/random cross-correlation used to estimate 
errors in the covariance function w(0) (see text).
(b) Randan/galaxy cross-correlation used to investigate 
the interaction between the galaxy sample and boundary (see text).
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Figure 5.15 Angular covariance function w(0) for the galaxy
sample. The corrected function w' (see equation 5.4.3) is shown 
by crosses (+) and the uncorrected function by dots (•) .
L
o
c
Sample a n g u l a r  c o v a r i a n c e  f u n c t i o n
- 1.5
“ 1.0  “ 0.5  0.0  0.5
Log t h e t a
105.
out by Davis and Geller (1976; DG), since other calculations 
have included galaxies of all types taken together. The 
study of DG, using the Uppsala General Catalogue (Nilson 
1973), showed effective agreement with previous work, with 
an overall slope of $ = - 0.71 for all galaxies. However, 
there were distinct differences between galaxies of 
various types, and a value of 3 = - 1.10 ± 0.09 with an 
amplitude A = 2.83 ± 0.10 was derived for elliptical- 
elliptical correlations. This slope is gratifyingly close 
to that derived here for the southern sample, and prompts 
the following comparison of completeness limits.
If two galaxy samples have the same intrinsic 
three-dimensional clustering structure and the same 
intrinsic luminosity function, and are selected in similar 
ways but with cut-offs at different limiting apparent 
magnitudes, then there exists a scaling law relating the 
two angular covariance functions. In addition, if w has 
the power-law form A0P, this scaling becomes particularly 
simple (for details of all these points see Peebles (1980) 
and references therein; an accessible shorter discussion is 
given by Fall (1979)). For amplitudes A and A2 and 
limiting magnitudes rr^ and m2, we obtain
5 log A1/A2 = ( - 3 + 1) (m2 - n^) (5.4.4)
(Note that deeper samples have larger m and smaller A). 
Comparing A2 = 2.83 with = 5.55 for 3 = - 1.1 , we derive 
m2 “ mi = 0.7. If the Uppsala catalogue used by DG is
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complete to m = 14.5 as claimed, then the present sample 
is complete to m = 13.8, in good agreement with the 
results of section 5.2 provided that the magnitude scales 
of the two catalogues are the same.
It should be noted that the UGC magnitudes are on 
the Zwicky scale m (Catalogue of Galaxies and Clusters
of Galaxies, Zwicky et al. 1961-68; CGCG), while those in 
the present sample are on the BT scale (RCBG2).
Preliminary studies of the CGCG magnitude system (Huchra 
1976, Kron and Shane 1976) have found volume-to-volume 
differences in the magnitude scale and de Vaucouleurs and 
Pence (1979) quote a mean error of 0.1 to 0.3 mag. for 
m and a zero-point difference of 0.3 mag. between
volumes 1 and 2 of the CGCG. A conversion between BT 
and m is given by Kirshner, Oember and Schechter
(1978) , and this suggests a mean zero-point difference of 
about 0.1 mag. in the sense
BT * m CGCG " °-1 (5-4 -5)
(although the true relationship varies with surface 
brightness and morphological type (e.g. de Vaucouleurs 
and Pence 1979)). A more detailed study of the UGC 
magnitude scale would be valuable, particularly to 
determine whether the limiting magnitude is dependent on 
morphological type, but it seems likely that B and mi. CGCG
agree to within 0.1 mag. in general, so that the 
completeness of the present sample derived from its
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clustering properties agrees with the value found in 
section 5.2 to within the errors.
To summarize, the angular clustering properties 
of galaxies in the present sample are the same as those 
of elliptical galaxies in the northern sample of Davis 
and Geller (1976). This result confirms the statement 
of Davis and Geller that the distribution of ellipticals 
is more tightly clustered than the distribution of spirals. 
Studies of galaxy clustering can provide valuable 
information about the environment in which galaxies of 
various types are found and the factors which determine 
the formation of early-type and late-type galaxies. The 
three-dimemsional clustering analysis now in progress 
(Sadler and Sharp, in preparation) will provide 
information on the spatial clustering and peculiar velocity 
dispersion throughout the sample volume. The cosmological 
virial theorem (Peebles 1979) can then be used to estimate 
the local matter density 0,.
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6. OPTICAL PROPERTIES OF E AND SO GALAXIES 
6.1 Galaxy colours
Larson and Tinsley (1978) have shown that UBV 
colours are sensitive to the star formation rate (SFR) 
in galaxies, and that morphologically "normal" and 
"peculiar" galaxies lie in different positions in a 
(U-B, B-V) diagram (two-colour diagram). Using the models 
developed by Larson and Tinsley, it is possible to determine 
whether recent bursts of star formation have occurred in 
any of the sample galaxies.
Figures 6.1 and 6.2 show two-colour diagrams for 
the sample elliptical and SO galaxies respectively. The 
colours plotted are the extinction-corrected values 
(B-V)§ and (U-B)g from Table 3.3. For galaxies having 
extinction A greater than 1.0 mag., the colours were 
considered unreliable due to the large corrections 
required and are not plotted, and three very blue galaxies 
(NGC 802, NGC 1705 and NGC 2328) lie outside the region 
plotted. Also shown in figures 6.1 and 6.2 are 
several theoretical two-colour plots derived by Larson 
and Tinsley. The thick line in each plot (hereafter called 
the normal line) is the locus of a model galaxy with a 
decreasing SFR, in which there has been no appreciable 
star formation during the past 5 x 109 years. It can be 
seen that most of the sample galaxies scatter about this 
line, and the effect of the colour-magnitude relation 
(and of small differences in metallicity) is to move
Figure 6.1 Two - colour diagram for elliptical and E-SO galaxies.
The lines represent models developed by Larson and Tinsley (1978) 
and discussed in the text. The error bars are those estimated for 
the colours in chapter 3.
Figure 6.2 As figure 6.1, for SO galaxies.
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points parallel to this line (Griersmith 1979, Larson and 
Tinsley 1978), so that the scatter should not be increased 
by including galaxies with a wide range of absolute 
magnitudes.
The upper thin curve represents the locus of a
burst of star formation of fixed duration (108 years) and
age (beginning 108 years ago) but varying strength in a
galaxy with initial colours (B-V)0 = 0.95 and (U-B)0 
*=0.61 . This line therefore represents galaxies which 
have undergone very recent star formation, and the extent 
to which the galaxy moves bluewards is determined by the 
burst strength b (fractional mass made into stars in the 
burst) as shown. (The point b = 0.001 is indicated, 
b = 0.01 occurs at B-V = 0.48, U-B = - 0.29). When star 
formation finishes, the galaxy colours evolve redwards 
with time t as shown by the dashed lines, which represent 
the loci of galaxies in which bursts of star formation 
occurred between 2 x 108 years and 5 x 109 years ago 
(the time t since the burst began is marked at various 
points). Thus points which lie above the normal line 
correspond to galaxies which have undergone bursts of 
star formation less than about 108 years ago, while those 
below the line correspond to galaxies with bursts of star 
formation more than 10s years ago (the time to evolve from 
the upper (thin) curve to the lower (dashed) curve is quite
* The empirical correction of + 0.05 mag. to the model 
(U-B) colour which was adopted by Larson and Tinsley 
is also used here.
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short - ~ 2 x 107 years). Unfortunately, the separation 
between the various curves is small for red galaxies, and 
comparable to the errors in the colour measurements, so 
that it is difficult to draw detailed quantitative 
conclusions about the recent star formation history of 
galaxies redder than about 0.8 in (B-V)°. However, it is 
reasonable, using the arguments of Larson and Tinsley (1978), 
to interpret a scatter about the normal line (greater than 
that due to measurement errors) as evidence for recent weak 
bursts of star formation (involving 0.1% to 1% of the 
galaxy mass, or about 107 - 108 M ).
Although the majority of elliptical galaxies in 
figure 6.1 show no evidence for recent bursts of star 
formation, a few blue galaxies lie significantly below 
the normal line and have colours consistent with a 1% 
burst about 1-2 x 109 years ago. The red galaxies 
((B-V)0 > 0.95) which lie to the right of the curves can 
be accounted for in several ways, either by very recent 
weak bursts of star formation, uncertainties in the 
reddening corrections, unusual metallicity, or simply the 
fact that the model calculated for galaxies with (B-V) =
0.95 is not appropriate for galaxies redder than this.
For the SO galaxies in figure 6.2, the scatter 
about the normal line is clearly greater than for the 
ellipticals, and it seems likely that weak (< 1%) bursts 
have occurred in many of these galaxies during the past 
108 - 5 x 109 years. Once again, however, it is not
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possible to derive the star formation history of a 
particular galaxy from its colours, but only to suggest 
that the large scatter about the normal line is indicative 
of recent bursts of star formation.
Figure 6.3 shows two-colour diagrams for the 
sample galaxies (E and SO combined) in four intervals of 
absolute magnitude. The normal line for a decreasing SFR 
shown in figures 6.1 and 6.2 is also plotted. The effect 
of the colour-magnitude relation is apparent, since the 
mean colour becomes redder at brighter values of Mg .
However, it also appears that the scatter about the normal 
line is larger in the interval of Mg from - 20.0 to - 20.9 
( + 5 log h) than at other magnitudes (the close fit to the 
normal line for the interval - 19.0 to - 19.9 ( + 5 log h) 
is particularly striking). This effect is also seen in 
figure 6.4, which shows a histogram of the residuals of 
each point from the normal line in figure 6.3 (+ for 
points above the line, - for points below) in the same 
absolute magnitude intervals. The dotted line marks the 
la error of ± 0.04 mag. If the scatter about the normal 
line is simply due to measurement errors the distribution 
of residuals should be Gaussian, but there appears to be 
a significant excess of galaxies below the line in the 
- 20.0 to - 20.9 magnitude bin, indicating that recent 
star formation may have occurred in many of these galaxies.
If this result is true, there are several 
plausible explanations. Since SO galaxies have a larger
Figure 6.3 Two - colour diagrams for the sample galaxies (E and 
SO combined) in four intervals of absolute magnitude . The 
normal line (see text) is shown in each case.
Figure 6.4 Histograms of residuals from the normal line in 
figure 6.3 for each of the four magnitude intervals. A displacement 
above the line is a positive residual, a displacement below the 
line a negative residual.
-17.0 >- i -18.9
-17.0 * Mg i -18.9
-19.0 5 M° * -19.9
-20.0 > M°* -20.9
-21.0 5 M°  ^-21.9
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scatter in the two-colour diagram than ellipticals (see 
figures 6.1 and 6.2), the larger scatter in the - 20.0 to 
- 20.9 bin in figure 6.3 might simply be due to this bin 
containing a greater fraction of SOs. However, this is 
not the case, since the fraction of SOs is larger in 
the fainter magnitude bins. If the gas content of early- 
type galaxies is determined by a fine balance between 
stellar mass loss and a number of factors which act to 
remove gas from the galaxies (e.g. accretion into the 
nucleus, or sweeping out (Gisler 1976, see section 6.2)), 
conditions favourable to star formation may be more 
likely to occur in a galaxy of a particular size. It is 
also possible that such galaxies occur in an environment 
where gas can be accreted from outside by interaction with 
another galaxy or the intergalactic medium; indeed it is 
plausible that some of these galaxies are merger products 
and that - 20 to - 21 represents the most common magnitude 
range for the merger product of two small galaxies. A 
study of a larger galaxy sample (e.g. RCBG2) would be 
valauble in order to determine whether the same effect is 
seen.
Thus the galaxy colours measured in this study 
indicate that few sample galaxies have undergone appreciable 
star formation during the past 109 years. Only three 
galaxies (NGC 802, NGC 1705 and NGC 2328) have very blue 
colours consistent with large amounts of recent star 
formation (1-10% by mass), suggesting that galaxies of
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this kind comprise only 1-2% of the general population of
E and SO galaxies. The blue galaxies are also among the
faintest in the sample M° < - 17 + 5  log h). However,
B
the results of the photometric study are not inconsistent 
with modest bursts of star formation (~ 0.1% by mass) 
having occurred in many early-type galaxies during the 
past 1 - 5 x 109 years.
6.2 Optical emission lines and gas content in E and SO 
galaxies
It is well-known (e.g. Gisler 1976) that early- 
type galaxies are remarkably deficient in both neutral and 
ionized gas. The upper limit to the neutral gas content 
set by HI observations is less than 107 MQ (i.e. less than 
0.1% by mass) for all but a few ellipticals (Faber and 
Gallagher 1976) , and the mass of ionized gas in most early- 
type galaxies is even less than this. The deficiency is 
surprising because it implies that the present gas content 
of elliptical galaxies is even less than the accumulated 
mass of gas expected from stellar mass loss. Faber and 
Gallagher (1976) estimate a mass-loss rate of 0.22 M Q / year 
for a typical elliptical galaxy, implying masses of the 
order of 2 x 109 M0 by the present if gas is not removed 
from the galaxy in some way.
Several mechanisms by which gas could be removed 
have been discussed by Faber and Gallagher (1976) and by 
Gisler (1976) . Those most favoured are star formation, 
accretion of gas into the nucleus of the 
galaxy, possibly fuelling a radio source, and the
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sweeping out of gas either by a supernova-driven wind 
from inside the galaxy or by inter-galactic ram pressure. 
The balance between these various mechanisms appears to 
be a very delicate one, determining whether gas flows 
inwards or outwards, and is certainly linked to the 
phenomenon of active nuclei in early-type galaxies.
The incidence of optical emission has usually 
been stated as about 15% in ellipticals and 30-40% in SOs
(Morgan and Osterbrock 1969, Gisler 1978) based on the
olow dispersion (450 A/mm) survey by Humason, Mayall and 
Sandage (1956) and on a more heterogeneous compilation of 
data with variable dispersion and sensitivity. Recently, 
however, observations of the present galaxy sample have 
been carried out at a dispersion of 33 X/mm in order to 
determine the incidence of Ha and [Nil] X6583, 6548 
emission in an unbiased survey (Binette, Dopita, Jenkins, 
Sadler and Phillips, in preparation). At the time of 
writing the survey is more than half complete and weak 
emission has been detected in at least 50% of ellipticals, 
50% of SOs and 95% of galaxies with radio sources. Thus 
optical emission in early-type galaxies appears to be 
much more common than previously believed, and the 
correlation between optical and radio emission, though 
not unexpected (for a discussion of previous results, see 
Chapter 7), is particularly striking. The reason for the 
higher detection rate in this survey is presumably that 
weaker lines which are seen at high dispersion become lost 
in the continuum noise at lower dispersions.
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Since the survey is still in progress, and is 
outside the scope of the present work, the question of 
optical emission will not be discussed in more detail here.
Only six of the sample galaxies are known to have 
HI detections; these are NGC 802 (C.R. Jenkins, private 
communication) NGC 1533 (Van Woerden et al. 1976) ,
NGC 5102 (Gallagher et al. 1975, Van Woerden et al. 1976), 
NGC 5128 (Roberts 1970, Whiteoak and Gardner 1971, 
Gosachinskii, Grachev and Ryzhov 1980), NGC 5266 and 
NGC 7213 (D. Carter, private communication). The dust- 
lane galaxy IC 5063, which was included in the radio survey 
but not in the complete sample (it was classified S0/a in 
the ESO/Uppsala catalogue) has also been detected 
(Danzlger, Goss and Wellington 1981). The properties of 
the sample galaxies with detected HI emission are so 
dissimilar (as may be seen from Tables 3.3 and 4.7) that 
it is difficult to draw any conclusions until HI 
observations are available for more southern galaxies.
6.3 The axial ratios of E and SO galaxies
The ESO/Uppsala lists give the major and minor 
angular diameters of each galaxy, and so it is possible 
to determine the distribution of the apparent axial ratio 
b/a (the ratio of the observed minor and major axes) for 
the galaxy sample. The true distribution of axial 
ratios may then be found by assuming that the galaxies 
are randomly oriented in space and correcting for the 
effects of projection, and there have been several studies
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of this problem (Sandage, Freeman and Stokes 1970,
Binney and de Vaucouleurs 1981 and references therein). 
However, the problem has become more complex in recent 
years with the discovery that most ellipticals rotate 
too slowly to produce their observed flattering (Bertola 
and Cappaccioli 1975, Illingworth 1977, Davies 1981) and 
that the true form of ellipticals may plausibly be oblate, 
prolate or triaxial (a review of this problem is given by 
Binney (1982)). Since the determination of the true 
ellipticities of early-type galaxies depends on an 
assumption about their shape, the true distribution is still 
unknown and cannot be derived from the apparent axial 
ratios alone. Hence this problem will not be discussed in 
further detail here, except to make the obvious point that 
galaxies which look flat are flat, while galaxies which look 
round may be round or may be flat galaxies seen in 
projection, and that the effect of this is to dilute any 
correlation which may exist between the intrinsic axial 
ratio and other properties of a galaxy.
In the present sample, it is possible to 
investigate the relationship between the apparent 
eUipticity of a galaxy and its colour and absolute 
magnitude. This is of some interest because of the 
suggestion by Terlevich et al. (1981) that the metallicity 
and axial ratio of elliptical galaxies are related (and if 
so, one might expect galaxy colours to vary with axial 
ratio), and because it has also been suggested that radio
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emission occurs more often in round galaxies than in 
flatter galaxies (Heeschen 1970, Ekers and Ekers 1973, 
Disney et al. 1982) .
Figure 6.5 shows a histogram of the distribution 
of observed axial ratio for elliptical and SO galaxies in 
the present sample. The distributions found by Sandage, 
Freeman and Stokes (1970; SFS) are shown for comparison 
(the distribution found by Binney and de Vaucouleurs 
(1981) for RCBG2 galaxies is not plotted, but is 
qualitatively very similar to the SFS distribution). The 
axial ratios taken from the ESO/Uppsala lists are probably 
less accurate than those in the SFS and Binney and 
de Vaucouleurs studies, since diameters are only given to 
the nearest 0.1 arc minute, and this discrete interval for 
both diameters can lead to an uncertainty of up to 10-15% 
in their ratio in the case of galaxies of small angular 
size. However, the ESO/Uppsala diameters were used to 
determine the axial ratios of all the sample galaxies 
for purposes of consistency although some galaxies also 
have axial ratios listed in RCBG2. However, figure 6.5 
confirms that the distribution of axial ratios in the 
present sample is very similar to that found by SFS, and 
so it is unlikely that the sample is grossly different 
from that used by previous workers despite the doubts 
expressed in Chapter 1 about the different E and SO 
classifications in the ESO/Uppsala and other catalogues. 
One point should be made; in the two roundest bins more
Figure 6.5
(a) The histogram shows the distribution of axial 
ratio log (a/b) for elliptical galaxies in the sample. The 
bins are those use by Sandage, Fr eenen and Stokes (1970; SFS),
i.e.
bin log (a/b)
i 0.00 - 0.04
ii 0.05 - 0.08
iii 0.09 - 0.13
iv 0.14 - 0.19
V 0.20 - 0.25
vi 0.26 - 0.33
vii 0.34 - 0.43
viii 0.44 - 0.55
lx 0.56 - 0.72
X 0.73 - 1.00
The dots joined by a solid line show the distribution of axial 
ratios found by SFS.
(b) As (a), for SO galaxies.
!Fraction
i ii iii iv v vi vii viii ix x
log (a/b)
i ii iii iv v vi vii viii ix x
log (a/b)
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SOs and fewer ellipticals are found in the present sample 
than in the SFS sample. This is probably due to the 
classification of several bright cD galaxies as ellipticals
in the Reference Catalogue of Bright Galaxies (de Vaucouleurs
1
and de Vaucouleurs 1964) and as SOs in the ESO/Uppsala list 
on the basis of their extended haloes (see Section 1.5).
Figure 6.6 shows the mean axial ratio <b/a> as 
a function of absolute magnitude Mg (where the mean is taken 
over one-magnitude bins), and there is an indication that 
brighter galaxies are significantly rounder than fainter 
galaxies, at least at magnitudes brighter than about -18 +
5 log h. Figure 6.7 shows that the correlation is 
significant for SO galaxies, but that elliptical galaxies 
seem to have a mean ellipticity which is independent of 
absolute magnitude. The latter result is in agreement with 
the work of Leir and van den Bergh (1977), who found that 
the distribution of ellipticities for nearby intrinsically 
faint ellipticals was essentilly the same as that for a 
sample of the brightest galaxies in Abell clusters.
Some caution must be used in interpreting these 
results, however, since the measured axial ratio of a 
galaxy may vary with apparent magnitude for a number of 
reasons. At faint apparent magnitudes, more round 
galaxies will be lost from the present sample due to the 
1.0 arc minute cut-off in diameter in the ESO/Uppsala 
catalogue, as was shown in Chapter 1. In addition,
Binney and de Vaucouleurs (1981) point out that there
Figure 6.6 Mean axial ratio <b/a> as a function of absolute
magnitude M^
Figure 6.7 Data fron figure 6.6, split into E (0) and SO (®)
galaxies.
< b / a >
<b/a>
-16 -17 -18
O
-21
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is a tendency to overestimate the flattening of galaxies 
which are nearly circularly symmetric, and in their 
sample they make a correction of 0.005 to log a/b to 
correct for this effect. Figure 6.8 shows that BT 
and <b/a> are indeed related in the present sample, in 
the sense that the apparently fainter galaxies are flatter. 
This effect could explain the correlation seen in figure 
6.6 if M§ and BT were also correlated, since if this were 
the case, the observed variation of <b/a> with M° 
might simply be due to sample selection effects of the 
kind discussed in Chapter 1. However, there are several 
reasons for believing that this is not the case, the 
principal one being that BT and M° show little or no 
correlation in the present sample. Figure 6.9 shows 
the mean value of Mg for various values of Bt. There is 
a slight trend towards brighter absolute magnitudes at 
brighter apparent magnitudes but the correlation coefficient 
of 0.09 suggests that this is not significant and that Mg 
and BT are uncorrelated. As a check, a graph similar to 
figure 6.6 was plotted using only galaxies in a narrow 
range of BT (13.0 - 13.5) so that any variation in <b/a> 
with B was removed. Mg and <b/a> were still found to 
be related in the same way as for the whole sample 
(figure 6.6). Another persuasive argument is that the 
selection effects against round galaxies at faint apparent 
magnitudes apply more harshly to ellipticals than to SOs 
(Section 1.4), yet it is the SOs and not the ellipticals 
which show a correlation between absolute magnitude and 
flattening (figure 6.7). Thus it seems clear that this
Figure 6.8 Dependence of mean axial ratio <b/a> on apparent 
magnitude B . The line represents a least - squares fit.
Figure 6.9 Plot of absolute magnitude <M°> versus apparent 
magnitude BT for galaxies in the sample. The line represents 
least - squares fit, but there is no significant correlation
between M° and B .
<b/a>
10 11 13 14
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correlation is not caused by selection effects in the 
original sample.
The relationship between the velocity dispersion, 
line strength and absolute magnitude of elliptical 
galaxies has recently been investigated by Terlevich 
et al. (1981) , who found that, while the correlation 
between absolute magnitude and velocity dispersion showed 
considerable scatter, the residuals from the mean relation­
ship were closely correlated with line strength. They 
concluded, therefore, that there was a second parameter 
apart from luminosity which played a role in determining 
the structure of elliptical galaxies, and tentatively 
suggested that the second parameter might be related to 
the intrinsic axial ratio of the galaxy on the basis that 
both line strength and velocity dispersion were found to 
be correlated with apparent flattening. Since velocity 
dispersions and line-strengths have not been measured for 
most galaxies in the present sample, it was not possible 
to repeat the tests used by Terlevich et al. However, it 
is possible to look at the relationship between apparent 
flattening and (U-V) colour (which is sensitive to 
metallicity) in order to see whether there is any evidence 
for a metallicity variation with axial ratio. Figure 6.10 
shows a plot of (U-V)° (where (U-V) = (U-B) + (B-V) from 
Table 3.3) against axial ratio b/a for all the sample 
galaxies with measured (U-B) colours. Although the least- 
squares fit line shows a slight trend towards rounder
Figure 6.10 Plot of (U - V) colour versus axial ratio 
b/a. The solid line is a least - squares fit, and typical 
error bars are also shown.
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redder and flatter bluer galaxies, the correlation 
coefficient of 0.06 indicates that it is probably not 
significant. Even if the effect is real, the difference 
between the roundest and flattest galaxies is very small 
(~ 0.05 mag.). Larson and Tinsley (1978) show that if the 
metallicity of an early-type galaxy is reduced by a factor 
of 4, the (U-V) colour becomes bluer by about 0.3 mag., so 
any systematic variation of mean metallicity in figure 6.10 
must be much less than this. In fact, a mean difference in 
(U-V) of 0.05 mag. corresponds to a difference of 0.5 mag. 
in M° from the colour-magnitude relation for early-type 
galaxies (Griersmith 1979) , and so the trend seen could 
be explained by the colour-magnitude effect if the 
flattest galaxies in the sample are on average half a 
magnitude fainter than the roundest (which seems plausible 
for the present sample). An earlier study of elliptical 
galaxies by van den Bergh (1979) also found a weak trend 
in the same sense as that found here (a difference of 
about 0.07 mag. in <U-V> between types E0 and E7 after 
correcting his colours to the UBV system) but in this 
case too, the correlation was weak.
Figure 6.11 shows a plot of axial ratio (b/a) 
versus (U-V)° for the elliptical galaxies only (excluding 
types SO and E-SO). Since the study by Terlevich et al. 
(1981) was for elliptical galaxies only, it is possible 
that a correlation between flattening and metallicity 
exists in ellipticals but not in SOs, and that it is not
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apparent in figure 6.10 simply because of the scatter 
caused by the SO galaxies (which are more numerous in 
the present sample). The number of galaxies in figure 6.11 
(45) is far smaller than in figure 6.10, but a least-square 
fit shows a significant variation of (U-V)° with axial 
ratio (the slope is about 0.2 and the correlation 
coefficient 0.26). However, it is unwise to interpret 
this correlation as evidence for a correlation between 
metallicity and flattening, since it is due only to a 
small number of flatter galaxies with unusually blue (U-V) 
colours. The blue colours in this case are likely to be 
due not to low metallicity but to the presence of the 
X3727[OII] line in the U filter. When the E-SO galaxies 
are included, the correlation disappears completely. It 
is interesting, though, that the scatter in the (U-V) 
colour appears to be significantly larger for flat 
galaxies than for rounder ones.
Thus the present sample offers very little 
evidence for a correlation between metallicity and 
apparent flattening in early-type galaxies. It was 
found that brighter SO galaxies are rounder than fainter 
SOs, but this is not true for elliptical galaxies, which 
have the same apparent flattening at all magnitudes.
The relationship between axial ratio and radio emission 
will be discussed briefly in Chapter 7.
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7. RADIO PROPERTIES OF THE GALAXY SAMPLE 
7.1 Introduction
The process by which radio sources form and 
evolve in early-type galaxies is not yet well understood, 
although high-resolution maps have greatly increased our 
knowledge of the structure of extended radio sources, 
while theoretical models based on the accretion of gas by 
a massive compact object have had great success in 
explaining the observed phenomena (Rees 1978, Blandford 
and Rees 1978 and references therein). A number of 
correlations between the optical and radio properties of 
galaxies have also become apparent from recent surveys, 
in particular that many galaxies have low luminosity radio 
sources (Heeschen 1970), that the radio and optical 
luminosity of an early-type galaxy are closely related, 
at least for the brightest galaxies (Auriemma et al. 1977), 
that elliptical galaxies appear to contain radio sources 
more often than SOs (Heeschen 1970, Dressel 1981,
Hummel and Kotanyi 1982), and that galaxies with compact 
central sources usually show [Oil] X3727 emission 
(Ekers and Ekers 1973, O'Connell and Dressel 1978).
Interaction with a neighbouring galaxy is one 
factor often suggested as responsible for the triggering 
of radio emission in an early-type galaxy (Gisler 1976, 
Dressel 1981, Hummel 1981b), yet previous radio surveys 
of paired and interacting galaxies (e.g. Wright 1974b, 
Sulentic 1976, Stocke 1978, Hummel 1981b) have produced
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contradictory results. Disadvantages common to most of 
these surveys were the fact that the distances of many 
of the galaxies were unknown, the samples were often 
incomplete and selected on a subjective basis, it was 
unclear what constituted a suitable comparison sample of 
unpaired galaxies, and the telescopes used were often 
unable to resolve the two components of a galaxy pair.
The survey by Hummel (1981a, b) of spiral galaxies 
provides the only unambiguous evidence for excess radio 
emission in paired galaxies, suggesting that spiral 
galaxies with close companions are both more likely to 
show radio emission and are on average a factor of two 
more powerful than similar unpaired spirals. The present 
survey makes possible a similar study for elliptical and 
SO galaxies. Since the survey contains more complete 
optical information than most previous surveys, the 
relationship between the radio and optical properties of 
galaxies will be considered in some detail.
7.2 The radio luminosity function
It is of great interest to know what fraction of 
early-type galaxies contain radio sources and also the 
distribution of these sources in radio power. In practice, 
a monochromatic radio luminosity function is derived, 
since the radio spectra of galaxies have various shapes 
(see Chapter 4) and it is difficult to integrate over 
the whole radio spectrum when flux densities have only 
been measured at one or two frequencies.
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For a flux density - limited sample, it is 
possible to define the radio luminosity function using 
the procedures outlined in Chapter 5, and indeed this is 
usually done in finding the bright end of the luminosity 
function from radio-selected samples of powerful radio 
galaxies. In the present survey, however, we are dealing 
with radio emission from an optically selected sample of 
galaxies, and in many cases the radio sources are weak 
and lie below the survey detection limit of 25 - 30 mjy 
2700 MHz. A useful way of describing the radio 
properties of such a sample is the fractional luminosity 
function (FLF) defined by Hummel (1981a). The advantage 
of this function is that, unlike the classical maximum 
volume method (Felten 1976) it includes the upper limits 
to the radio power of undetected galaxies as well as the
detected galaxies so that all available information from 
the survey is used.
The method of calculating the FLF which will be 
used here is the same as that used by Hummel (1981a) for 
a sample of N galaxies each with intrinsic radio power 
p • Each galaxy is either detected 
at some observed flux density S or is undetected with an 
upper limit of flux density Sl (S, may vary from galaxy
to galaxy). The intrinsic radio power and observed flux 
density are related by
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P (wHz 1) = 4 7T x 9.5 x 1018 S (Jy) D2 (Mpc)
(7.2.1)
so it is possible to assign a radio power or upper limit to 
each galaxy in the sample. The FLF, F(> P), which is the 
fraction of sample galaxies with a radio power greater than 
or equal to P WHz-1, is defined by
k
F (> Pk) = Z  f (PJ (7.2.2)
j=l D
v 1 #and f(Pk) = 1 - 1  f (P; ) , f (P > = 0 *
j=l J °
nu 1 Pk) + nd<p I pk>
(7.2.3)*
where nu (P 1 < Pk) is the number of undetected galaxies
with upper limits less than Pk and n^(P < Pk) is the 
number of detected galaxies with power less than or equal to 
Pk. The FLF is independent of the mean distance of the 
sample galaxies, and is not affected by density 
fluctuations and clustering within the sample.
Figure 7.1 shows the fractional luminosity 
function for the present galaxy sample. Points derived 
by Hummel and Kotanyi (1982) for ellipticals and by 
Auriemma et al. (1977) for early-type galaxies are also
* Hummel (1981a) also defines two alternative forms of 
the FLF. The form used here, and by Hummel, was the 
one showing the smallest fluctuations in comparison 
with the input distribution in Monte Carlo tests 
(Hummel 1981a).
# PQ is the highest radio power at which a galaxy is detected,
and P^  > P Equal increments of A log P = 0.1 were used here
Figure 7.1 The fractional luminosity function (FLF) at 
2700 MHz for the sample galaxies. Points derived by 
Auriemma et al. (1977) (A) and Hummel (1980b) ( 0  ) are 
shown for comparison. Error bars are /n.
LOG P (W Hz"1)
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shown (both have been shifted by 0.2 in log P to allow 
for the different frequency used, i.e. 1415 M H z T h e  
error bars are given by /n^P > P k) . The present sample 
is larger than the sample of ellipticals observed by 
Hummel and Kotanyi (52 observed, 15 detections) and 
contains more faint detections (log P < 22.0) than the 
Auriemma et al. sample. All three functions are seen to 
be in good agreement; thus the FLF for the present sample 
agrees well with previous values.
Figure 7.2 shows the bivariate FLF for the
galaxy sample binned in three intervals of absolute
★magnitude as indicated. Similar functions have been 
derived for early-type galaxies by Colla et al. (1975) 
and Auriemma et al. (1977). Since these are based mainly 
on strong radio sources (~ 22.0 < log P < 26.0), the 
present determination is complementary and extends the 
results to fainter radio powers (20.5 < log P < 22.5).
The shape of the FLF in figure 7.2 does not vary much with 
absolute magnitude (the points with log P > 21.5 - 2 log h 
for the faintest interval of M° must be regarded as 
highly uncertain due to the small number of detections), 
a result also found by Colla et al. (1975). The shift in 
log P2 7 between galaxies of different optical luminosities 
is about 0.6 - 0.75 per unit optical magnitude, while 
Colla et al. found a similar shift of 0.6 - 0.8 per 
magnitude in log P at 408 MHz. Thus the correlation
* As in previous chapters, a value of HQ = 100 h km/s is used.
# A mean spectral index of -0.8 was assumed.
Figure 7.2 Bivariate FLF for three ranges in absolute 
magnitude. The points in brackets are dubious because 
of the small number of detected galaxies in this range.
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of optical and radio luminosity appears to hold over a 
very wide range of radio power (10 * - 10 h2 WHz-1)
and absolute magnitude (- 18.5 to - 22.0 + 5 log h). The 
luminosity (or size) of a galaxy is thus the single most 
significant factor in determining whether a radio source 
forms and how powerful it is.
The FLFs for elliptical (including the E-SO 
classification; see Chapter 1) and SO galaxies are shown 
in figure 7.3. The two functions are not significantly 
different, and this is in contrast to the results of the 
survey by Hummel and Kotanyi (1982), who found that the 
central sources of the SOs in their sample were at least 
a factor of ten weaker than those in ellipticals and that 
very few SOs contained extended radio sources. One 
possible explanation for the difference is that the SO 
population in the present sample is contaminated by bright, 
misclassified cD galaxies which falsely enhance the radio 
luminosity function. It was found in Chapter 1 that some 
of the brightest 'SO' galaxies in the ESO/Uppsala 
classification are really cDs, but removing the brightest 
sample galaxies does not significantly affect the 
relative radio luminosity functions of ellipticals and SOs, 
as may been seen in figure 7.4. This shows the FLF for 
both E and SO galaxies with M° > -21.0 (i.e. excluding the 
25 brightest galaxies in the sample). The shape of the 
two FLFs is now very similar, so that the excess of
Figure 7.3 Comparison of the FLF for elliptical and
SO galaxies.
Figure 7.4 As for figure 7.3, but excluding galaxies 
brighter than -21.0 + 5 log h in M°.
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radio-bright SOs in figure 7.3 is due to the very optically 
bright galaxies which are probably cDs. However, the 
difference in radio power between the two sub-samples in 
figure 7.4 is typically 0.5 to 0.7 in log P2 (or a 
factor of 3 - 6 in P2 7 ) and this is about the amount 
expected because of the difference in optical luminosity 
between the two samples. The average absolute magnitude 
<M° > for the ellipticals in figure 7.4 is -19.79 and 
for the SOs - 19.41. Taking the simple view that 
log P a 0.7 M° (as found from figure 7.2), the 
expected difference in A log P is about 0.3, so that 
the difference between the FLF for E and SO galaxies is not 
as large as that found by Hummel and Kotanyi, and after 
accounting for the difference in optical luminosity the 
results are consistent with there being no significant 
difference.
Several other studies have compared the radio 
properties of elliptical and SO galaxies, with differing 
results. Heeschen (1970) tentatively suggested that radio 
emission was more common in elliptical galaxies than in SOs, 
but this was based on the detection rates in a rather 
heterogeneous sample. Ekers and Ekers (1973) found that 
SO galaxies with radio sources were rounder than the general 
SO population, and suggested on this basis that the radio SO 
galaxies might be misclassified ellipticals, but they did 
not compare the radio luminosity function for E and SO 
galaxies directly. Dressel (1981) found that compact
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sources occurred at similar rates in E and SO galaxies, 
while extended sources* occurred more frequently and on 
a larger scale in ellipticals. One of the most plausible 
explanations for the differing fractions of E and SO 
galaxies detected in various surveys is the uncertainty of 
the SO classification itself. The sample selected by 
Dressel was from the UGC (Nilson 1973) , while Hummel and 
Kotanyi selected their sample from the Reference Catalogue 
of Bright Galaxies (de Vaucouleurs and de Vaucouleurs 1964) , 
using later classifications from RCBG2 (de Vaucouleurs, 
de Vaucouleurs and Corwin 1976) and Ekers and Ekers (1973) 
observed galaxies from the catalogue of Humason, Mayall 
and Sandage (1956). One difference between the ESO/Uppsala 
classifications based on the ESO(B) sky survey and other 
classifications is the inclusion of some cD galaxies in 
the ESO/Uppsala 'SO' category as already mentioned.
Another is that many early-type galaxies with dust lanes 
have been identified on the ESO(B) survey, and these are 
classified as SOs on the basis of their dust lanes, 
regardless of ellipticity. Hawarden et al. (1981) point 
out that far fewer dust-lane galaxies have been identified 
in the northern (celestial) hemisphere, and they attribute 
this to the poorer resolution of the Palomar Sky Survey 
relative to the ESO/SRC southern sky survey. In this 
case, many dust-lane SO galaxies in the north may have
* "Extended sources" in this context refers to sources 
resolved by the Arecibo telescope at 2380 MHz. The 
size at which a source was resolved depended on its 
flux density but was typically 1.2 arc min. at 100 mJy 
and 1.9 arc min. at 50 mJy (Dressel 1981).
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been classified as ellipticals. Since it will be shown 
later that dust-lane galaxies are stronger and more 
powerful radio emitters than other SOs (and ellipticals), 
the relative radio powers of E and SO galaxies may depend 
strongly on how the dust-lane galaxies are classified.
Another possible explanation might simply be the 
survey frequency used. If SO galaxies contain mostly 
compact radio sources as suggested by Dressel (1981), and 
if these sources have flat spectra, many of them may have 
been undetected by Hummel and Kotanyi simply because of the 
lower survey frequency (1415 MHz) they used.
To summarize, the fractional radio luminosity 
function for early-type galaxies derived here is in good 
agreement with previous determinations (Colla et al.
1975, Auriemma et al. 1977), and the radio luminosity 
functions for elliptical and SO galaxies were found to 
be similar (after correcting for a difference in mean 
absolute magnitude), in agreement with the result found 
by Dressel (1981) but not with the results of Hummel and 
Kotanyi (1982), who found relatively fewer radio sources 
in SO galaxies. There is a strong correlation between 
radio power and optical luminosity, suggesting that the 
size of the galaxy is an important factor in triggering 
radio emission.
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7.3 Radio emission from paired galaxies
Several previous attempts have been made to 
determine whether galaxies with close companions are more 
often radio sources and to study the effects of 
gravitational interactions on the radio continuum 
properties of galaxies. As mentioned previously, it has 
often been suggested that radio emission might be 
triggered by the accretion of gas from a companion galaxy 
or even simply by the gravitational perturbation caused by 
a close approach. Such effects might be expected to occur 
particularly frequently in binary galaxy systems, where 
instead of a single close approach there are regular 
approaches each orbit. If gas is transferred between 
galaxies, the effects should be most pronounced in 
elliptical galaxies, since these are generally gas-poor 
(Faber and Gallagher 1976).
Earlier studies of paired and interacting 
galaxies by Wright (1973a, b), Sulentic (1976), Stocke, 
Tifft and Kaftan-Kassim (1978) and Stocke (1978) produced 
rather confused and contradictory results for the reasons 
already mentioned (Section 7.1), although Stocke (1978) 
found that close pairs of galaxies were more often radio 
sources than more widely spaced pairs, and that the 
detection rate increased as the separation decreased. In 
order to test this hypothesis properly, however, it is 
necessary to have a well-defined sample of both paired 
and unpaired galaxies, and to know the distances of all
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the galaxies observed so that the radio luminosity functions 
of the two samples and not simply the detection rates (which 
are distance dependent) can be compared. Since the radio 
power of a galaxy is such a strong function of its optical 
luminosity, it is also necessary to compare the distribution 
of absolute magnitudes in the samples before drawing 
conclusions.
Hummel (1981b) has made a careful study of a 
sub-sample of 62 spiral galaxies belonging to double or 
multiple systems, selected from a larger radio continuum 
survey of galaxies of all types (Hummel 1981a). The 
advantage of this type of analysis is that the sub-sample 
is compared directly with the sample from which it was 
selected, and so the problem of finding a suitable 
comparison sample of "isolated" galaxies does not arise.
The main results of Hummel's survey were that the samples 
of double and isolated galaxies had cumulative frequency 
distributions of radio power with the same shape, the 
central radio sources in double galaxies were on average 
a factor of 4 more powerful than those in unpaired galaxies 
(a factor of 2.5 after correcting for a difference in the 
mean absolute magnitude of the two samples), but there 
was no significant difference in the radio power of disk 
emission from the two sub-samples. Thus the study showed 
a significant increase of at least a factor of two in the 
radio power of the central sources of spiral galaxies with 
a close companion.
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For the present sample, the FLF of a sub-sample 
of 28 E and SO galaxies which belong to isolated pairs 
(paired with an E, SO or spiral galaxy) is shown in 
figure 7.5, along with the FLF for the unpaired sample 
galaxies. The paired galaxies were selected according to 
well-defined selection criteria which will be discussed in 
Chapter 8. A comparison of the FLF for paired and unpaired 
galaxies shows a difference which is significant at the 
0.001 level (using the Kolmogorov-Smirnov test, Siegel 
1956) in the sense that paired galaxies are on average about 
ten times more powerful as radio sources than unpaired 
galaxies. However, this difference can be accounted for 
by the different optical luminosity functions of the 
paired and unpaired galaxies. When the sample of 28 paired 
galaxies is matched with a second sub-sample of 56 unpaired 
galaxies having the same distribution of absolute 
magnitude, morphological type and distance (also shown 
in figure 2), there is no significant difference between 
the two FLFs.
The results of this study strongly indicate that, 
unlike the case for spiral galaxies (Hummel 1981b), there 
is no evidence for excess radio emission from paired E and 
SO galaxies. A similar conclusion was reached by Dressel 
(1981), who compared the ratio of radio to optical 
luminosity for paired and unpaired E and SO galaxies and 
found no significant difference.
Figure 7.5 FLF for the paired galaxies in the sanple 
(see chapter 8), the unpaired galaxies and a cornparison 
sanple of unpaired galaxies with the same distribution 
of distance, absolute magnitude and morphological type 
as the pairs.
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7.4 Radio galaxy colours
Figures 7.6 and 7.7 show colour-magnitude (CM) 
diagrams for galaxies observed in the radio survey.
Rather than make an arbitrary division between "detected" 
and "undetected" galaxies for the purpose of comparing the 
colours of galaxies with and without radio sources, a 
cut-off radio power of 1021,5 h-2 WHz-1 at 2700 MHz was
chosen. This value seemed suitable because most galaxies 
detected lay above this power, while most of the upper 
limits of undetected galaxies lay below.
Griersmith (1979) gives the slope of the colour- 
magnitude relation for E and SO galaxies as -0.02 ±0.01
mag./mag. in (B-V) and -0.10 ± 0.01 in (U-V). The
scatter in both colour-magnitude diagrams is large (as 
expected), but the slopes given by Griersmith appear to 
be a reasonable fit to the mean of the points in figures 
7.6 and 7.7.
In figure 7.6, the slope of the CM relation is 
small and, apart from the obvious difference in absolute 
magnitude between the galaxies with radio sources (i.e. 
log P2 7 > 21.5 - 2 log h) and the others, there is no
apparent relationship between radio emission and (B-V) 
colour. In figure 7.7, however, apart from two very red 
galaxies (267 - G08 and NGC 5090), almost all the galaxies 
with log ?2 7 > 2 1 . 5 - 2  log h lie above the mean CM line, 
and in many cases these galaxies have colours which are as 
blue as non-radio galaxies which are 2-3 magnitudes fainter.
Figure 7.6 Colour - magnitude diagram, (B - V)°
versus for galaxies with radio power greater than
1021*5 WHz 1 (filled circles) and for galaxies with
21 5 -1radio power less than 10 * WHz (open circles).
The solid line has the slope of the CM relation 
(Griersmith 1979).
Figure 7.7 As for figure 7.6, with (U - V) colour
versus Mb'
•  Log P
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There are several possible explanations for 
bluer (U-V) colours of galaxies with radio sources.
They could be due to recent bursts of star formation (see 
Section 6.1), the presence of A3727 [Oil] emission lines, 
lower me.tallicity or an ultraviolet excess in the 
continuum caused by the presence of a non-thermal nuclear 
source. Unfortunately, it is not possible to determine 
from the presently available aperture photometry of these 
galaxies whether the bluer (U-V) colours are confined to 
the nucleus or apply to a much larger region of the 
galaxy, and further work on the colour gradients would be 
most valuable.
If a least-squares fit is made to the data points 
in figure 7.7, a slope of -0.06 is found, and this is 
somewhat flatter than the value found by Griersmith (1979). 
If this flatter line is adopted as a more appropriate fit 
to the data, then the number of radio galaxies above the 
line is reduced and the evidence for bluer (U-V) colours 
in galaxies with radio emission weakened. However, the 
evidence still seems suggestive enough to make a further 
study of radio galaxy colours worthwhile.
7.5 Gas in radio galaxies
As mentioned in Section 6.2, a survey in progress 
by Binette et al. (Binette, Dopita, Jenkins, Sadler and 
Phillips, in preparation) has detected Ha and [Nil] Ä6583, 
6548 emission in about 95% of galaxies with radio sources.
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In most cases, the emission is weak, confined to the nucleus, 
and has [Nil] stronger than Ha. This suggests that at 
least modest amounts of gas (105 - 107) are present in 
most early-type galaxies with radio sources.
Similar results, though based on less homogeneous 
optical data, have been found by other observers; in 
particular, Ekers and Ekers (1973) and Condon and Dressel 
(1978) found a correlation between the presence of the 
Ä3727 [Oil] emission and the presence of a compact radio 
source.
7.6 The axial ratios of radio galaxies
A possible correlation between radio emission 
and ellipticity for elliptical galaxies has been discussed 
by several authors. Heeschen (1970) first suggested that 
radio emission occurred preferentially in rounder galaxies, 
and Ekers and Ekers (1973) found that the SO galaxies in 
which they detected radio emission were rounder than 
average. Hummel (1980b) found that the difference in 
ellipticities between detected and undetected galaxies in 
his sample was significant at the 10% level using a 
Kolmogorov-Smirnov test, and Disney et al. (1982) also 
found that elliptical galaxies with radio emission were 
significantly rounder than average, stating that they 
observed no radio emission from galaxies with axial ratios 
(b/a) flatter than 0.65. On the other hand, Dressel (1981) 
found no evidence for a correlation between axial ratio
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and radio luminosity, based on a comparison of the ratio 
of radio to optical luminosity for "round" and "flat" 
ellipticals.
The galaxies in the present sample were also 
divided into "round" and "flat" groups on the basis of 
their apparent axial ratio, and a value of 0.65 was taken 
as the cut-off between the two groups. The FLFs for the 
"round" and "flat" galaxies are shown in figure 7.8, and 
except perhaps at the brightest radio powers, there is no 
significant difference between the two. As a further 
test, the elliptical (E and E-SO) and SO galaxies were 
considered separately, and in each case a division was 
made between galaxies with log ?2 >21.5 (-2 log h)
WHz-1 and those with log P2 <21.5 (-2 log h) WHz-1.
As before, this was considered more reasonable than simply 
taking "detected" and "undetected" galaxies. The 
distributions of axial ratios for the two groups log 
P2 7 > 21.5 and log P2 <21.5 were compared using a 
Kolmogorov-Smirnov test (Siegel 1956) . There was no 
significant difference in the distributions either for 
ellipticals or for SO galaxies. As a final check, the 
elliptical galaxies were split into two even more restricted 
groups; with log P2 < 21.0 and log P2 > 22.0. Again, 
there was no significant difference between the 
distribution of axial ratios in the two groups. Thus there 
is no evidence in the present sample for a correlation 
between radio emission and axial ratio in either elliptical 
or SO galaxies.
Figure 7.8 Ccanparison of the FLF for 'round' (axial 
ratio b/a < 0.65) and 'flat' (b/a > 0.65) galaxies.
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Although a similar result was obtained by 
Dressel (1981), the discrepancy with other previous work 
is surprising and difficult to explain. Particularly 
surprising is the disagreement with Disney et al. (1982), 
since their southern sample contains many galaxies in 
common with the present sample. Since the axial ratios 
used by Disney et al. (1982) were taken from RCBG2, it 
should be possible to compare these with the axial ratios 
derived from the ESO/Uppsala lists and used here in order 
to see whether there is any systematic difference.
Certainly the ESO/Uppsala diameters are likely to be less 
accurate than those in RCBG2, but unless there is a 
systematic error it is hard to see how this could produce 
such contradictory results.
7.7 Radio emission from dust-lane galaxies
Twenty galaxies in the present sample (listed in 
Table 7.1) have strong dust lanes visible on the ESO(B) 
sky survey, and nineteen of these are classified in the 
ESO/Uppsala lists as SO galaxies (the exception is NGC 5128). 
Galaxies of this type are of particular current interest 
since recent studies (Bertola and Galetta 1978, Sharpies 
et al. 1982 and references therein) have shown that the 
kinematics of the dust and the underlying stellar galaxy 
often differ substantially. In many cases, the dust 
rotates rapidly about either the major or the minor axis 
while the stars rotate much more slowly or not at all 
(Sharpies et al. 1982), and it has been suggested
Galaxy R.A. Dec.
(1950.0)
013-G12 01 06 21 -80 34 24
NGC1316 03 20 47 -37 23 12
NGC1380 03 34 32 -35 08 24
NGC1947 05 26 28 -63 48 06
263-G48 10 29 04 -45 59 36
NGC3573 11 08 56 -36 36 06
322-G08 12 22 58 -39 02 36
NGC4696 12 46 04 -41 02 18
NGC4751 12 50 04 -42 23 18
269-G58 13 07 38 -46 43 30
NGC5128 13 22 33 -42 45 24
NGC5140 13 23 31 -33 36 30
NGC5220 13 33 05 -33 11 54
NGC5266 13 39 56 -47 55 06
NGC5799 15 00 32 -72 14 18
142-G19 19 29 05 -58 13 18
NGC6848 19 58 47 -56 13 42
NGC7049 21 15 37 -48 46 30
NGC7070A 21 28 36 -43 04 00
NGC7123 21 46 31 -70 34 06
Table 7.1 Galaxies known to have strong dust lanes.
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(e.g. Hawarden et al 1981) that the dust-lane consists of 
material accreted from outside the galaxy. Sharpies et al. 
(1982) observed weak optical emission lines in three of 
the four dust-lane galaxies they studied, and at least 
75% of the galaxies in Table 7.1 are known to have 
emission lines, a much higher percentage than for the 
general population of E and SO galaxies (which is ~ 50% 
see section 6.2).
Many dust-lane galaxies are known to contain 
radio sources, including the prototype radio galaxies 
Centaurus A (NGC 5128) and Fornax A (NGC 1316) , both of 
which have been extensively studied. Kotanyi and Ekers 
(1979) observed eight dust-lane galaxies with extended 
radio emission and found that in seven of these the major 
axis of the radio source was nearly perpendicular to the 
dust lane. On this basis, they concluded that the 
mechanism leading to the double radio morphology was 
closely connected to the rotation axis of the dust. 
Although Kotanyi and Ekers suggested that there might be 
a correlation between radio emission and the presence of 
a dust-lane, the suggestion has not until now been tested, 
and the present sample provides a large and homogeneous 
set of data which makes such a test possible.
Figure 7.9 shows the FLF for the 20 dust-lane 
galaxies listed in Table 7.1. A comparison with figures 
7.1 and 7.2 shows that the dust-lane galaxies are more
Figure 7.9 The FLF for early - type galaxies with 
dust lanes. A canparison with figures 7.1 and 7.3 
shows the striking excess of radio emission from 
dust - lane galaxies.
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powerful radio emitters than even the brightest "normal" 
galaxies in the sample. The mean absolute magnitude of the 
dust-lane galaxies is - 20.0, yet the FLF lies significantly 
above that for galaxies with - 20.6 > Mg > 21.5, and the 
dust-lane galaxies are brighter in radio power by a factor 
of 30-50 compared to galaxies without obvious dust.
Although this result is based on a relatively small number 
of dust-lane galaxies (20) , it implies that the radio 
properties of such galaxies are very significantly different 
from those of the general population of E and SO galaxies. 
Interestingly, a similar result has been reported for 
early-type spiral galaxies by van der Kruit (1973) , who 
found that for spirals of type Sab and earlier the 
galaxies with prominent dust lanes also contained the most 
luminous radio nuclei.
It is also possible from the present sample to 
estimate the fraction of early-type galaxies with dust- 
lanes. Although such galaxies are almost always classified 
as SO on the basis of the dust, they comprise 8 ± 2% of 
the whole sample; if the underlying galaxies are 
ellipticals then dust-lane galaxies account for about 
17 ± 3% of all elliptical galaxies.
7.8 The influence of clustering on radio emission
It has been suggested (e.g. Ekers 1976, Dressel 
1981) that the higher density of the intergalactic 
medium likely to exist in large clusters of galaxies
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may influence the formation of radio sources. Galaxies 
in clusters are more likely to interact both with each 
other and with intergalactic gas than are galaxies 
outside clusters.
A study by Auriemma et al. (1977) found no 
difference in the radio luminosity function for early- 
type galaxies inside and outside rich clusters. Dressel 
(1981) found that elliptical galaxies with radio sources 
were preferentially situated within Zwicky clusters but 
that no such preference existed for SO galaxies.
No comprehensive list of galaxy clusters exists 
for the present sample, and so only an approximate 
division into "cluster" and "non-cluster" galaxies can be 
made. Table 7.2 shows eleven galaxy groupings which were 
considered on the basis of the ESO(B) sky survey films to 
be galaxy clusters. They contain a total of 71 sample 
galaxies, and these will be referred to as "cluster" 
galaxies, the remaining 177 sample galaxies being considered 
"non-cluster" galaxies.
Figure 7.10 shows the FLF for cluster and non­
cluster galaxies in the present sample. The difference 
between the two is significant at the .025 (2.5%) level 
using the Kolmogorov-Smirnov test (Siegel 1956), 
suggesting that cluster galaxies are, in general, more 
powerful radio emitters than non-cluster galaxies.
R. A.
1.
(1950
01h05
2. 03h30
3. 10h26
4. llh07
5. 12h22
6. 13h29
7. 16h10
8. 18h42
9. 20h13
10. 20h55
11. 21h10
Dec. V
0)
— o
(km/ s)
-37° 6800
-35° 1200
-35° 2500
-37° 2600
-39° 3000
-32° 3500
-60° 3200
-63° 44000Or-l 35000CO'CJ11 5200
-49° 2800
Brighter members
IC1625, IC1633 
Fornax cluster 
NGC3258, NGC3268 
NGC3557
Centaurus cluster 
NGC5193, IC4296 
137-G08, 137-G10 
IC4765
NGC6877, NGC6880 
NGC6987
NGC7029, NGC7049
Table 7.2 Galaxy groupings assumed to be clusters 
(see text). The R.A., declination and velocity 
given for each cluster are approximate only and 
are included as a guide to cluster membership.
Figure 7.10 Ccxnparison of the FLF for galaxies inside 
and outside clusters.
F(*P)
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I
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Although the two sub-samples contain the same fraction
of E and SO galaxies and have about the same mean
*absolute magnitude (- 19.60 for cluster galaxies, - 19.71 
for non-cluster galaxies), 20% of the cluster galaxies and 
only 8% of the non-cluster galaxies have absolute 
magnitudes brighter than - 21.0. Thus it seems likely 
that the excess radio emission found in cluster galaxies 
is due to the larger number of unusually bright galaxies 
found in clusters rather than to any interaction between 
galaxies and the intergalactic medium in clusters. This 
argument is supported by the fact that the two functions 
in figure 7.10 diverge most at the bright end (log P2 
> 22), as would be expected if the cluster sample 
contained a larger fraction of optically bright galaxies.
However, when galaxies brighter than absolute 
magnitude - 21 .0 were excluded from both the cluster and 
non-cluster samples, there was still a difference in the 
two radio luminosity functions of about 0.5 in log 
(in the sense that the cluster luminosity function was 
brighter), but the difference was no longer statistically 
significant. Thus it is unclear at present whether the 
excess radio emission seen in cluster galaxies is due to 
a difference in the optical luminosity function inside and 
outside clusters or to an environmental effect.
* The fraction of dust-lane galaxies in the cluster and 
non-cluster samples is the same, implying that 
membership of a cluster has little to do with the 
formation of a dust-lane in an early-type galaxy.
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7.9 Conclusion
A comparison of the radio and optical properties 
of the sample galaxies leads to several results:
(1) There is a very strong correlation between 
radio and optical luminosity which extends 
over a wide range in radio power and absolute 
magnitude.
(2) The radio luminosity functions of elliptical 
and SO galaxies are not significantly 
different. There is some evidence for a slight 
excess of radio emission from elliptical galaxies 
compared to SOs, but the difference is not as 
large as that found by Hummel and Kotanyi
(1982).
(3) There is no evidence for excess radio 
emission from paired elliptical and SO galaxies, 
in contrast to the result found for spiral 
galaxies by Hummel (1981b).
21 5(4) Galaxies with radio sources stronger than 10 
WHz~1 at 2700 MHz have (U-V) colours which are 
in general bluer than predicted by the colour- 
magnitude effect (Griersmith 1979).
(5) Almost all galaxies with radio emission also have 
weak optical emission lines (H a and
[Nil] A 6583, 6548), in contrast to about 50%
of galaxies without detected radio sources.
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(6) There is no evidence for any difference in axial 
ratio between early-type galaxies with and 
without radio sources.
(7) Early-type galaxies with dust lanes are 
significantly more powerful radio emitters than 
similar galaxies without dust.
(8) Radio emission is more common in galaxies which 
are cluster members, but this may be due to 
the larger fraction of bright galaxies (M^
< - 21.0) in clusters.
In conclusion, the size of a galaxy appears to be 
the single most important factor in determining whether a 
radio source is present. Although there is evidence that 
radio galaxies contain more gas and dust than non-radio 
galaxies, the correlation is by no means clear-cut nor is 
it clear whether this is a cause or an effect of the 
presence of a radio source. The rotational velocity of 
early-type galaxies has not been mentioned here because so 
few measurements are yet available, but it is puzzling that 
some galaxies with radio sources rotate quite rapidly 
(e.g. NGC 3557, IC 4296; Illingworth 1977, Efstathiou, 
Ellis and Carter 1980, Davies 1981) while others show no 
measurable rotation, and the problem is worthy of further 
investigation.
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8. ELLIPTICAL AND SO GALAXIES IN BINARY SYSTEMS 
8.1 Introduction
The study of binary galaxy systems is important 
because it provides an independent method of measuring the 
mass-to-light ratio (M/L) for the component galaxies.
However, unlike the case for binary stars, the orbital 
period of a binary galaxy is too long (~ 108 years) to be 
measured directly, and this introduces serious problems 
both in identifying binary galaxy systems and in measuring 
their parameters.
The only two dynamical parameters of a binary 
galaxy which are directly observable are the radial 
velocity difference between the two galaxies, AV, and their 
projected separation, rp*• Thus the usual method of analysis 
is to observe a large number of paired galaxies and then 
correct the observed values of r^ and AV for projection 
effects in order to obtain the true distributions of 
velocity difference and separation. Turner (1976a, 1976b) 
first pointed out the importance of well-defined selection 
criteria in selecting binary galaxy candidates. If the 
projected separation of two galaxies is a factor 
determining their inclusion in a binary sample (as is usually 
the case), then the orientation of galaxy orbits within the 
sample will not be random, but will be biased towards 
edge-on systems in a way which depends on the exact selection
* Obtained from the angular separation, 6, on the sky.
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criteria used. A review of the binary galaxy problem has 
been given by Faber and Gallagher (1979).
Recent studies of the dynamics of binary galaxies 
have been carried out by Turner (1976a, b), Peterson (1979a, 
b), Karachentsev (1977, 1978) and White et al. (1982).
Turner (1976a, b) defined a sample of 156 pairs of galaxies 
brighter than magnitude 15.0 from the Catalogue of Galaxies 
and Groups of Galaxies (Zwicky 1961-68) and measured radial 
velocities for 66 of these pairs. By comparing the 
observed distributions of r^ and AV with model distributions, 
he concluded that many binary galaxies existed, and that the 
value of M/L found for spiral galaxies was much larger than 
values found from rotation curves, supporting the 
hypothesis that such galaxies are surrounded by massive dark 
haloes.
One puzzling aspect of Turner's data was that the 
distribution of AV for pairs containing E or SO galaxies 
differed significantly from that for spiral/spiral pairs, 
and so it was argued (K.C. Freeman and T.S. Van Albada, 
private communication; Faber and Gallagher 1979) that 
mixed (elliptical/spiral) binary galaxies did not exist, 
those pairs which were observed being spurious. However, 
this conclusion was by no means certain, due to the 
relatively small numbers of elliptical pairs observed by 
Turner and by Peterson (1979a, b).
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The problem of elliptical galaxies in binary 
systems poses important questions for the theory of 
galaxy formation. If no, or very fev/ such binaries exist, 
we have to explain why groups of galaxies of all sizes 
(except, perhaps, the richest clusters) are observed to 
contain both spiral and elliptical galaxies and both types 
also occur as isolated field galaxies, yet mixed binary 
systems (which may be viewed simply as a group containing 
two galaxies) either do not form or do not survive. On 
the other hand, if these mixed binaries do exist, it was 
necessary to explain why their dynamical properties 
appeared to be so different from those of the spiral/spiral 
pairs.
One motivation for the present work, therefore, 
was to obtain accurate radial velocities for a carefully 
selected sample of paired galaxies in which at least one 
member was an E or SO. The aim was to determine whether 
binary galaxies of mixed type exist (in the sense of being 
true dynamically isolated pairs), and to compare the 
properties of the paired galaxies with those of the complete 
sample of 248 E and SO galaxies from which they were 
selected. The latter point is important because of evidence 
that galaxies in binary systems are both brighter and bluer 
than unpaired galaxies (Sharp and Jones 1980, White and 
Valdes 1980), presumably due to the effects of interaction 
between the galaxies (Larson and Tinsley 1978).
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At the time this work was begun (mid-1979), it 
was generally felt that the dynamics of binary galaxy 
systems, in spite of some dubious points, were more or 
less well understood and could be described by the type of 
model developed by Turner (1976b). At this time, however, 
a number of inconsistencies began to be apparent, and it 
is now clear that the subject is even more complex, and 
more confused, than earlier believed.
Yahil (1977) first pointed out that the velocity 
difference AV and projected separation rn were uncorrelated 
in the galaxy sample observed by Turner, so that conventional 
dynamical models of two point-mass galaxies were ruled out. 
Yahil also found that there was no correlation between the 
luminosity of the galaxies and the variable r AV2 which
IT
characterizes the mass, so that the concept of a fixed 
value of M/L for galaxies was also invalid. The distribution 
of AV in the pairs was found to be Gaussian, and a later 
paper by Rivolo and Yahil (1982) based on the Revised 
Shapley-Ames Catalog (Sandage and Tamman 1981) found that 
the velocity dispersion in pairs of galaxies was 
indistinguishable from the velocity dispersion in groups. 
Rivolo and Yahil therefore questioned whether isolated 
binary galaxies, with dynamics dominated by the two-body 
force, actually existed at all.
At about the same time, White (1981) reanalyzed 
Turner's data using scale-free dynamical models of binary 
galaxy ensembles, and Rood (1982) found that the true errors
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in the radial velocities measured by Turner were substantially 
larger than those quoted, and that 15% were discordant by 
more than 800 km/s. White et al. (1982; WHLD) reobserved 
all 156 pairs in the Turner sample using cross-correlation 
methods (Tonry and Davis 1979) , with an rms velocity error 
o£ 29 km/s. WHLD also analyzed their data using the models 
developed by White (1981) . They too found only a weak 
correlation between velocity difference and either projected 
separation or luminosity, and their data was consistent with 
there being no correlation between any of these quantities.
In addition, they examined all the Turner pairs on sky 
survey films and found that many were situated in groups 
or near the centre of rich clusters.
Thus recent work has shown that not only was 
Turner's analysis flawed (White 1981); but that the analysis 
in turn was based on unreliable velocity measurements (Rood 
(1982) estimated that the rms error in velocities measured 
by Turner was 150 km/s after rejection of the discordant 
objects) and thus its conclusions were doubly invalid.
WHLD reached several conclusions about their 
revised sample (after removal of "pairs" which were group 
members). They ruled out both the assumption that paired 
galaxies act like point masses and the assumption that 
pairs of a given separation have a single value of M/L.
They were able neither to constrain the ellipticity of 
binary orbits nor to make any estimate of M/L without 
assumptions about the ellipticity.
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Thus the subject now appears more confused than 
ever, and it is apparent that much more work on the dynamics 
of binary galaxies is needed. The results presented here, 
based on accurate radial velocity measurements, are one 
contribution. In this chapter, the selection of a sample 
of paired galaxies will be discussed, a short dynamical 
analysis presented and some tentative conclusions drawn.
8.2 Selection of the binary galaxy sample
One problem which arises in the selection of a 
sample of paired galaxies in the southern hemisphere is 
the lack of a catalogue of galaxies complete to magnitude 
15.0 - 15.5 similar to those from which previous (northern) 
samples have been chosen. For this reason, galaxies in the 
present binary sample were selected by visual inspection of 
ESO(B) sky survey plates, a method which also has a number 
of advantages over selection from a catalogue, since all 
other galaxies in the neighbourhood of the pair can be seen.
The selection requires criteria which are 
relatively meaningful in a physical sense but not too 
tedious to apply. Unfortunately, no two previous workers 
in this field appear to have used the same definition of 
an isolated pair of galaxies. For example, Turner (1976a, b) 
and Peterson (1979a, b) used the same catalogue (CGCG;
Zwicky et al. 1961-68) to draw up their samples, yet the 
two samples have few galaxies in common. Turner in 
particular introduced a considerable number of spurious pairs
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by taking a magnitude of 15.0 as a cut-off, so that two 
close galaxies of magnitude 15.0 will be counted as a pair 
even if another galaxy of magnitude 15.1 is equally close.
The selection criteria which were adopted here 
are similar to those of Karachentsev (1972). It may be 
shown that the force per unit mass acting on a body at a 
(projected) angular distance X from a spherical galaxy of 
angular diameter D is given by
f
m (8.2 .1),
independent of distance, where the constant of proportionality 
is a function of the projection angle. Thus f/m is a measure 
of the depth of the gravitational potential well surrounding 
a galaxy, and so it should be possible to choose some 
suitable ratio of X/D to define the boundary of the galaxy's 
gravitational influence.
Values of X/D were measured for some pairs in the 
Turner and Peterson samples and usually fell in the range 
X/D < 5, while in groups of galaxies nearest neighbours had 
separations of about 10D or larger.
The following criteria were therefore adopted for 
inclusion in the paired galaxy sub-sample:
(i) < 8.0 (8.2 .2)
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(ii) £ln_ > /10 X 12
Dn D 1
X 2n > /10 X 12
(8.2.3)
where is the diameter of a galaxy in arc minutes, X is
the distance between the galaxy under consideration and its
nearest neighbour, and Xin and Dn are the angular separation
thand diameter respectively of the n companion galaxy. The 
first criterion (8.2.2) defines a boundary of the 
gravitational influence of a galaxy, while the second 
(8.2.3) requires that the companion galaxy experiences a 
gravitational force at least ten times as strong as that 
on the next nearest neighbour (since f/m is proportional 
to (X/D)~2; but note that this ratio of ten may be 
altered by projection effects).
The selection criteria adopted by Karachentsev 
(1972) were, by comparison,
(i) for < D < 4D,2 - n - J-
(ii) ^ 2 and Dn 1 4 D 2 -
so that the isolation criterion used here is a little less 
rigid than Karachentsev's. lAll members of the original sample 
of 248 E and SO galaxies were examined if there was a
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possibility they could be paired and 29 pairs satisfied 
the selection criteria (8.2.2, 8.2.3). Twelve of these 
pairs contained two early-type galaxies, while the 
remaining seventeen had an early-type galaxy paired with a 
spiral or irregular.
Of the 29 pairs selected, both galaxies are 
members of the main sample in only three cases. The 
remaining 26 pairs had a sample member paired either with 
a galaxy of a different morphological type, or with an E 
or SO galaxy fainter than magnitude 14. The 29 pairs are 
listed in Table 8.1.
8.3 Radial velocity measurements
Radial velocity measurements of all 58 galaxies in 
Table 8.1 were carried out at the Anglo-Australian telescope 
using the IPCS and RGO Spectrograph. Full details of the 
radial velocity measurements and data reduction process 
are given in Chapter 2. The error analysis presented 
there suggests that the expected error in a single velocity 
measurement is gv = 21 km/s.
Angular separations were measured from enlargements 
of film copies of the ESO(B) sky survey, and are accurate to 
0.1 arc min.
Magnitudes (Bt) for those galaxies which were also 
members of the main sample were obtained from UBV aperture 
photometry as described in Chapter 3, and have a probable
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error of 0.05 mag. Unfortunately, similarly accurate 
photometric magnitudes were obtained for only a few of 
the remaining 26 non-sample galaxies and the magnitudes of 
these galaxies (shown in brackets in Table 8.1) were 
estimated from the ESO(B) survey films. A comparison of 
similar estimates for galaxies with accurate known 
magnitudes suggests an error of about 0.3 mag.
The members of the binary galaxy sample are listed 
in Table 8.1, where columns 1-5 give the pair numbers, 
identification, type and 1950.0 co-ordinates. Column 6 
contains the apparent magnitudes (m), with the less 
accurate values in brackets. Radial velocities (VQ) are 
shown in column 7, and the angular separation (0) in arc 
minutes in column 8. Column 9 shows the velocity 
difference AV for each pair taken from the two velocities 
in column 7 (both of which were obtained by cross­
correlation with a stellar template) . When the signal/; 
noise ratio in the original spectra was high (i.e. for the 
brightest galaxies), it was often possible to measure AV 
directly by cross-correlation of one pair member with the
other. When this was done, AV0.  ^is listed indirect
column 10. The agreement with ^vtempiate was generally 
good. Since a direct measurement was not always possible, 
however, ^vtemplate is used in all subsequent analysis for 
the sake of consistency.
Table 8.1 Apparent magnitudes, radial velocities and
angular separations for the binary galaxy sample (see 
page 155).
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From the "raw" data in Table 8.1, the following 
quantities were derived for each pair:
AV = 1 V, - v 2 1
ii 20 V h"1 tan (6 / 2)
and L = 0.0156 V2 h-2 (1 + 1 ) ,
where V = (11 V l + h V2)/(1l + V
and = 10-0 ‘ 4mi
For V in km/s, and H0 = 100 h km/s/Mpc, the projected 
linear separation is therefore in kpc, and the luminosity 
of the pair, L, is in units of 1010 (taking the
absolute magnitude of the sun to be +5.48 on the Bt 
system (Allen 1973)).
Table 8.2 lists the calculated values of AV, rP
and L for each pair, while figures 8.1 and 8.2 show histograms 
of AV and r^ respectively. The mean value of AV after 
removing pairs with AV > 500 km/s is 180 km/s, somewhat 
higher than the mean of 121 km/s for early-type pairs found 
by WHLD. For the reduced sample of 18 pairs described in 
Section 8.4, <AV> = 113 km/s, very close to the WHLD value.
Since individual error estimates for the velocity 
measurements were not made, the error in AV will be 
assumed to be o^v = /2 ov. Although for various reasons 
not all the velocities are as accurate as those used to
Pair AV r-P L M I k
(km/s) (kpc) (101°Lo) (101° M o >
1 576 32 3.64 844 232 *
2 143 77 5.32 124 23
3 1744 33 0.35 7968 2301 *
4 34 35 1.77 3 2
5 336 41 2.32 369 159 *
6 117 11 0.52 12 23
7 17 37 2.16 0.84 0.39
8 83 13 0.70 7 10
9 225 83 1.41 333 236 *
10 103 73 0.62 61 100
11 88 18 3.71 11 3
12 491 109 1.84 2082 1132 *
13 1377 22 2.26 3360 1436 *
14 107 46 0.63 41 65
15 245 12 1.30 59 45
16 216 9 2.13 33 16
17 381 27 2.28 312 137 *
18 8 4 0.97 0.02 0.02
19 3103 25 0.93 19090 20570 *
20 441 45 2.43 693 285 *
21 142 52 2.70 83 31
22 323 16 2.59 136 52
23 140 166 4.40 257 58
24 51 54 1.55 11 7
25 22 7 0.68 0.26 0.38
26 157 26 2.56 50 20
27 409 85 2.65 1118 423 *
28 27 127 1.84 7 4
29 1401 21 7.21 3195 4432 *
Table 8.2 Calculated values of AV, rp and L for 
the binary galaxy sample. Values of M and fK (see 
text) are also shown, and galaxies with fK > 133 
are indicated by an asterisk.
Figure 8.1 Histogram of the radial velocity difference 
AV between the pairs of galaxies listed in table 8.1.
Figure 8.2 Histogram of projected separation r_, 
calculated as shown in the text, for the paired galaxy
sample.
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derive ö y  by comparison with other data sets in Chapter 2, 
a significant contribution to O y  comes from a zero-point 
difference which does not affect the accuracy of a 
relative velocity measurement. Thus the adopted value of 
o ^ y  = 30 km/s should be adequately representative.
8.4 Dynamical analysis
A very detailed and careful approach to the 
dynamical analysis of binary galaxies has recently been 
developed by White (1981; W81). The binary population is 
assumed to possess no characteristic scale length, and the 
distributions of number density and of relative velocity 
are given by power laws in the pair separation. The 
orbital eccentricity is assumed constant but arbitrary.
The procedure of White et al. (1982, WHLD) was 
followed closely in the present analysis, and full details 
are given in that paper and in W81. The parameters of the 
power laws are adjusted until the predicted properties 
match the observed properties from the real binary sample.. 
The distributions of mass and M/L within the sample are 
then known, and a representative mean value can be defined. 
The essential information is contained in the sample 
distribution in L - - AV space (i.e. luminosity -
projected separation - velocity difference), and figure 8.3 
shows the three combinations of log L, log r^ and AV. The 
five pairs for which AV > 500 km/s have been excluded (see 
WHLD). Table 8.3 lists the three Spearman rank
Figure 8.3 Correlations of:
(a) log r vs AVP
(b) log L vs AV
(c) log r vs log LP
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W= 1.55
P L , r 0.34
13 Dairs with f < 133
---------- ----------------------------------------J \ --------------------
p A V , L 0.34 p a t 7 T = 0.36A V , L ; rP
R= 0.36
p A V , rP
0.03 p A„ =-0.12AV,r ;L P
VJ— 1.46
o =L , r _ 0.40P
Table 8.3 Correlation coefficients for the binary
sample (see text).
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correlation coefficients p^v 1 and p
Pmultiple correlation coefficient R defined by
the
(P Av,l + P Av, r " 2o
t i/\C
>AV,lPAv/r Pl,r P P
)/(1 - P l,r ) .
(8.4.1)
the two partial correlation coefficients
PAV,l;r_ = <PAV,1 " PAV,r.Pl,r_ > 1 [ < 1 “ p2AV,r_)(1 "P P
PAV,r ; 1  ^P A V , r P AV,lPl,r ^  ^ 1 P A V ^ l ^ 1 P l,r ^P P P P
(8.4.2)
and the width parameter
W = <AV2 > ^ /<AV^ > 2 (8.4.3)
All these definitions are taken from WHLD.
The simulation approach used by WHLD attempts to
reproduce these observed parameters, together with a mass
parameter, using a model based on the theory of W81. In
this approach, a simulated set of AV values is generated
from the observed values of L and r , the estimated errorsP
and the parameters of the model. After producing a large 
number of artificial data samples for each set of assumptions,
159.
the mean properties are compared with the properties of the 
genuine data set. In this way, it is hoped to fix the model 
parameters and thus describe the underlying physical 
properties of a binary galaxy sample.
There are essentially six numbers needed:
v, 3, e, a, a and a . These are the indices of the power
laws assumed for the true spatial pair density and the
gravitational interaction potential as functions of
separation, p(r) a r-V and $ (r) ar 2 ,^ the (assumed
constant) orbital eccentricity, the exponent of an assumed
power-law relation between luminosity and effective mass
(Ma La) and the rms logarithmic deviation from this relation
(as), and the rms uncertainty in the total apparent
magnitude of a pair, o . Note that the mass within a
I*“ 2 ßradius r is therefore proportional to r , the point
mass approximation corresponds to 3 = h and the "conventional"
massive halo used to explain flat rotation curves corresponds
to 3 = 0. This is not quite as complicated as it seems,
since a is fixed externally (and here g = 0.3) and there m m
are reasons for taking v = 1.8 (White and Valdes 1980,
Sharp and Jones 1980, W81).
However, Monte Carlo similation of the 24 pairs 
with AV < 500 km/s was unable to reproduce the results of 
Table 8.3 for any combination of the input parameters.
Indeed, the positive correlation between AV and r^ is very 
difficult to understand on the basis of any model of an 
isolated gravitationally bound pair.
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WHLD were also unable to model the revised 
Turner sample. It seems likely that the problem is 
contamination by pairs which are not true binaries, 
dynamically isolated from other galaxies. There are two 
types of "false" binary. The first kind comprises 
optical pairs formed by the chance proximity on the sky of 
two galaxies which are widely separated along the line of 
sight. The more troublesome contamination comes from 
groups and clusters of galaxies from which the adopted 
selection criteria pick only two members. In fact, it has 
been argued for some time by Soviet workers in this field 
that, after careful allowance for such contamination,
"true" binary galaxies show no evidence for massive haloes, 
and have values of M/L which are consistent with those 
derived from dynamical analysis of individual galaxies.
(This literature is very extensive and occasionally 
repetitious; see principally, the recent series by 
Karachentsev (1981a, b, c, d) and the analysis of Turner's 
sample by Karachentsev and Fesenko (1979) and other 
references in this last paper).
In an attempt to find quantitative measures of 
the effect of using an impure sample, Karachentsev (1981a, b) 
has used the results of a simulation of the spatial 
distribution of galaxies (Karachentsev and Shcherbanovskii 
1978). Unfortunately, there is not enough information 
about these simulations to enable an independent evaluation 
of their applicability. However, from what is revealed it
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seems that they are not grossly in error, and so the 
results will be quoted and used, albeit with reservations.
The most interesting and important claim is that 
the estimated mass-to-light ratio is a better discriminant 
for eliminating non-physical pairs than is the modulus of 
the velocity difference. (This point was discussed in both 
W81 and WHLD). Specifically, Karachentsev (1981b) 
advocates using only those pairs for which
fv < 100, where
x \
fK = < n > -1 G-1 r ( A V 2 - o^J/L (8.4.4)
in the present notation. W81 gives the more general formula
f = äs<F>-1 G'1 r215 (ay2 - a&2v)/l_ (8.4.5)
The projection factor F depends on e, 3 and v, and agrees 
with Karachentsev's n for circular point-mass orbits 
(putting 3=0.5, e = 0, v = 3 ) .  Remembering that f a h 
(where HQ = 100 h km/s), and that Karachentsev uses h = 0.75, 
we therefore considered the subset of 18 pairs for which fK
< 133. The relevant correlations, corresponding to those 
in Table 8.2, are given in Table 8.3, and this reduced 
sample can indeed be simulated by the WHLD approach. (This 
idea has also been applied to the WHLD data, also producing 
a sub-sample which can be simulated (Sharp, in preparation). 
However, in that case we are still left with the intriguing 
puzzle that the subset of highly isolated Turner pairs
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specifically chosen by WHLD to reduce contamination effects 
remains intractable).
Although the present binary sample is small and
the uncertainties large, fixing v = 1.8 and am = 0.3 leads
to suggested values a ~ 1.2, os ~ 0, ß ~ 0.2 and e ~ 1/3.
It must be emphasized that there is considerable leeway in
these results, but the point mass assumption 6 = 0.5 is
not acceptable. A value of a = 1 is unlikely, but possible
if the eccentricity is increased and ß decreased (i.e. less
circular orbits and more massive haloes). Therefore, if the
selection process advocated by Karachentsev (and difficult
to evaluate with the limited information we have) has
preferentially selected the physical pairs in our sample,
those pairs seem to possess extended mass distributions.
As a further indicator of the uncertainties, the
Karachentsev M/L estimator f has a value of 116 for 24K
pairs and 23.7 for 18 pairs, whereas the W81 estimator for 
the above-mentioned "best" parameters gives 20.7 and 6.4 
respectively. Thus for the WHLD approach, although the 
value of ß supports an extended mass distribution, the 
mass-to-light estimate based on that same analysis does not.
One further point should be made about the 
application of the models described by W81 to the present 
sample. The selection criteria used here are slightly 
different from those used by Turner (1976a) for the 
sample analysed by WHLD. However, the White models are
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reasonably insensitive to the exact selection criteria 
used, provided that an isolation criterion of some kind 
has been applied (e.g. equation 8.2.2 here). (Sharp, 
private communication; consider the effect of modifying 
the formulae in Section 3 of White and Valdes (1980)).
Hence the modelling process described by W81 has been used 
without alteration here.
To summarise: the modelling procedure used by
White et al. (1982) has been applied to a carefully- 
selected sample of paired galaxies in which at least one 
member was an E or SO. Pairs with AV > 500 km/s were 
rejected from the sample, but it was still not possible to 
reproduce the observed correlations of r , AV and L for the 
24 remaining pairs using the White models. However, a 
further 6 pairs which were likely to be non-physical were 
removed after application of the Karachentsev M/L estimator 
f„, and the remaining pairs were successfully modelled.
x\
Some qualification must be placed on the results, 
since such a small sample may not be representative of the 
galaxy population as a whole, but it is suggested that the 
galaxies have an extended mass distribution, and that the 
more massive galaxies contain proportionally more dark matter.
8.5 Comparison of the properties of binary galaxies with 
those of the main galaxy sample
It has been suggested at various times that binary 
galaxies, in comparison with "ordinary" galaxies are
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brighter both optically (White and Valdes 1980; but see 
Rood 1982) and in radio emission (Gisler 1976, Stocke 
1978, Hummel 1981b), and bluer (Sharp and Jones 1980,
Larson and Tinsley 1978). These hypotheses have been 
tested with the current data by comparing those members of 
the binary sample which are also members of the main 
sample with the main sample itself. The other binary 
members are rejected in order not to be confused by 
morphological differences.
The differences in the distributions of absolute 
magnitude, radio luminosity and (U-V) colour (corrected 
for the colour-magnitude effect using the relation given 
by Griersmith (1979) and discussed in Section 7.4) were all 
in the direction of the above predictions, but in no case 
is the difference statistically significant using the 
Kolmogorov-Smirnov two-sample, one-tailed test.
8.6 Conclusions
The present sample of binary galaxies, although 
quite large compared to the parent population from which 
it was drawn, appears to be rather too small for any 
definitive conclusions. Proposed differences in 
brightness and colour are supported, but without 
statistical significance. Dynamical analysis confirms the 
apparently great difficulty of obtaining a sample which 
can reasonably be considered to consist of pairs of isolated 
galaxies interacting solely with each other according to 
Newtonian gravitation.
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Although the path to an explanation seems obscure 
at present, it is tempting to suggest that these systems 
have a velocity difference, governed by their formation 
process, which merely reflects the overall clustering 
structure of galaxies. The fact that they seem to fit 
well on the small-scale end of the angular covariance 
function might be seen as supporting this (Gott and 
Turner 1979) , as might the apparent independence of the 
two-point velocity dispersion from group size (Rivolo and 
Yahil 1982).
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CONCLUSION
The main results of this study, and some suggestions for 
future work, will now be summarized.
The results of Chapter 5 show that the space 
density of galaxies varies throughout the sample volume 
(i.e. to distances of at least 60-70 h 1 Mpc; Hq = 100 h 
km/s). There is a general decrease of galaxy density with 
increasing distance, although clumping of galaxies and 
'voids’ are also seen. One effect of this density gradient 
is to bias the observed distribution of luminosities in favour 
of intrinsically fainter galaxies. The density-independent 
luminosity function derived in Chapter 5 suggests that 
previous determinations have seriously underestimated the 
fraction of bright early-type galaxies. However, a much 
larger sample of galaxies with accurate magnitudes and 
velocities is needed in order to obtain a more accurate 
normalization of the luminosity function since the errors 
in the value found here are quite large.
The 2-D (angular) clustering properties of the 
sample are very similar to those found for a northern sample 
by Davis and Geller (1976), and a 3-D (spatial) analysis is 
presently underway.
The study of galaxy colours described in Chapters 
6 and 7 provides a number of interesting results. Weak 
bursts of star formation seem to have occurred in many
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early-type galaxies during the past 10 years, and it is 
likely that such activity is still occurrring at a low 
level. The concentration of star formation in galaxies with 
absolute magnitude -20.0 to -21.0 + 5 log h, though perhaps 
only suggestive in the present sample, deserves further 
investigation. It should be possible to check whether this 
effect is also seen in the larger galaxy sample in RCBG2 
(de Vaucouleurs, de Vaucouleurs and Corwin 1976).
Since the UBV aperture photometry in this sample 
was carried out mainly for the purpose of measuring magnitudes, 
further observations of the colours and colour gradients 
in these galaxies would be most valuable. In particular, 
it would be inreresting to see whether the bluer colours 
of the radio galaxies (see Chapter 7) are confined to the 
nucleus (as might be expected for the UV excess due to a 
non-thermal source) or apply to the whole galaxy.
The results of Chapter 6 also show that the axial 
ratio of an early-type galaxy has little effect on its 
optical and radio properties. The one exception is that 
brighter SO galaxies tend to be rounder, but this may 
simply be due to classification effects of the kind 
discussed in Chapter 1. There is no support for the 
suggestion by Terlevich et al. (1981) that metallicity 
and intrinsic axial ratio are correlated in early-type 
galaxies, and it seems unlikely that axial ratio is the 
"second parameter" determining the structure of elliptical
9
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galaxies (Terlevich et al. 1981; the first parameter is 
luminosity).
The results of the continuum radio survey generally 
agree with previous work in this field, and it is clear 
that the size of a galaxy is the most important factor in 
determining whether a radio source forms. There are two 
new results: the (U-V) colours of radio galaxies are bluer
than expected, and there is a striking excess of radio 
emission from dust-lane galaxies. These galaxies also show 
optical emission lines more frequently than similar galaxies 
without dust, and further studies of the optical and radio 
properties, and particularly the dynamics, of early-type 
galaxies with dust lanes would be most valuable.
The present radio survey provides very little 
information about the structure of the detected sources, 
since very few were resolved with the Parkes telescope.
Some of these galaxies have now been mapped at 843 MHz with 
the Molonglo Observatory Synthesis Telescope (Mills 1981;
J. Harnett, private communication, R.M. Smith, private 
communication). It is clear that the sensitivity of this 
instrument would allow many more galaxies in the sample to 
be detected (see table 4.9), and the maps would provide 
valuable information on the radio structure. A further 
radio survey of the sample using this telescope would 
therefore be of great interest.
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A great deal of work remains to be done on the 
dynamics of binary galaxies, but the results of Chapter 8 
show that early-type galaxies in binary systems can be 
successfully modelled using the methods described by White 
(White 1981, White et al. 1982) provided that care is 
exercised in removing non-physical pairs. The trends 
towards brighter and bluer galaxies in binary systems are 
present but not significant in this sample, and so the effect 
of gravitational interactions on the properties of early-type 
galaxies appears to be small.
Another question which was not pursued in this 
study, but which is of great importance , is that of 
rotation in early-type galaxies. It is puzzling that some 
galaxies with powerful radio sources rotate quite rapidly, 
while others show no measureable rotation. Only a few 
galaxies in this sample have had their rotational velocity 
measured, and further observations might show how the 
dynamics of stars and gas affect the formation of a radio 
source.
One result of this work has been to produce a 
large sample of early-type galaxies with well-defined 
properties. Much is now known about the sample: its 
completeness, optical and radio luminosity functions, space 
distribution and clustering properties. It therefore forms 
a solid basis for further studies of elliptical and SO 
galaxies, and at least two such studies are now underway;
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the survey of optical emission lines discussed briefly in 
Chapter 6, and a program of CCD surface photometry aimed 
at studying the nuclear regions of active ellipticals (in 
collaboration with D. Carter and C.R. Jenkins).
The question posed in the introduction, of whether 
the factors affecting the formation and evolution of galaxies 
are chiefly intrinsic or extrinsic is still rather difficult 
to answer. In many ways, it is striking just how alike 
most of the galaxies in the sample are, and the strong 
correlation between optical and radio luminosity stands out 
as one example. To find a galaxy with a radio source , we 
look not for disturbed galaxies but for large massive ones 
which, perhaps, have been big enough to retain their excess 
gas and allow such a source to form. Yet the strong radio 
sources in galaxies with dust lanes provide tantalizing 
evidence than some factor other than size may be involved, 
since the dust and gas in these galaxies may well have been 
accreted from outside. If such accretion events occur, 
they are by no means rare; they have happened to at least 
10-15% of elliptical galaxies.
A large survey like this is at best a broad view 
of the galaxy population, and complements detailed studies 
of individual objects. It tells us which phenomena are rare 
in galaxies of a certain kind, which common, and aids in 
building up a picture of the evolutionary history of normal 
galaxies.
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